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PREFACE

This group of papers on the comparison of the performance .
of six aircraft-pronulsion systems wes prepared by members of the
NACA Flight Propulsion Research Laboratory staff under the dlrec-
tion of Mr. BenJamin Pinkel and was presented at the meefing of
the Institute of Aeronautical Sciences on Alrcraft Propulsion
Systems held in Cleveland, Ohio, on Maxrch 28, 1947.
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NATIONAL ADVISORY COMMIITEE FOR AERONAUTICS

TECHNICAL NOTE No, 1349

PERFORMANCE AND RANGES OF APPLICATION OF VARIOUS TYPES
OF ATRCRAFT-PROPULSION SYSTEM

By Cieveland Laboratory Staff

SUMMARY

A discussion of the performance characteristice of (1) the
compound engine, (2) the turbine-propeller engine, (3) the
turbojet engine, (4) the turvo-ram-jet engine, (55 the ram-jet
engine, and (6) the rocket engine 1s presented. An insight is
nrovided into the proper position of each of these engine types
in the speed-range spectrum of aircraft operation. Both subsonic
and. supersonic flight are considered.

It is shown that the compound engine, which has the greatest
welght per unit thrust and also the lowest specific fuel con-
sumption, gives the longest range. As the speed is increased, the
increased engine weight and nacelle drag result in a rsduction in
the disposable load that the airplene is capable of carrying and
hence in a reduction in the range. Therefore, as speed is
increased it 1s necessary to progress to englne types that provide
greater thrust per unit welght and per unilt frontal area, gener-
ally at the cost of an increased speciflc fuel consumption and
resultant decreased range. It lg shown that the turbine-propelisr
engline provides better performence on the basls of current values
of weight per unit thrust than the other engines coneidered at
moderate speeds and altitudes but thaet a large reduction in weight
per unit thrust is required in this type of engine to make it
sultable for high-speed operation in the subsonic range, At high-
speed flight in the subsonic range it is desireble to shift to the
turbojet engine. -

At supersonic speeds, the range of the alrplane increases
with increased flight speed and altitude for each of the propulsion
systems considered. The ram Jet gives the longest range of the
power plants considered and 1s approached by the turbo-ram-jet
engine only when it approaches the ram Jet in operation, that is,
when the pressure ratioc across the compressor reaches unity in
value. The turbo-ram-jet englne, however, has an advantage over
the ram-Jet engine Iin that it can be designed to provide the com-
bination of appreciable thrust for take-off and good high-speed
performancs.,
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The rotket engine when applied to an alrplane, becavse of its
low welght per unit thrust amnd its compactness, glves the highest
disposeble load, but because of its extremely high apecific propel-
lant consumption glves the shortest range.

*
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INIRODUCTION

This group of papers is presented to provide an insight into
the most sultable ailrciaft operational ranges of six types of -
propulsion system now under development, A comparison is made of
the performance characteristics of (1) the compound engine, (2) the
turbine-propeller engine, (3) the turbojet engine, (4) the turbo-
~ram-Jet engine, (5) the ram-jet engine, and (6) the rocket engine.
The positlon of sach of these engine types in the aircraft speed-
range spectrum is indlcated.

The position of each of these engine types in the speed-range
spectrum of aircraft operation is dependent on the assumptions
made with regard to the puwer plant and the airplane. No single
get of assumptions satbtisfy all types of aircraft epplication and
operational procedurs. Improvements in the design of the engine
and the associated airplane influence the results. Furthermore,
at flight condltions where only a small difference in performance
oxists between two engine types, the choice of power plant is
detormined by such factors as simplicity of design and inetalla-
tion, ease of maintenance, cost of the engine, reliability, and
availability of the desired gize. Therefore, it is not the pur-
pose of thess papers tc define precisely the zones of flight
operation for each engine type but to providse an approximate
indicetion as & basls for illustreting the relation between the
engline characteristics and the position of ths engine in the
flight-operational spectrum.

With this limlted obJective, no attempt was made to design
the best airplane for each englne type nor to lay out the best
flight plan, but rather to set up the simple essumptions listed
in the appendix with the bellef that they are not overly prejudl-
clal to any one of the engine types., Subsonic and supersonic
flight-speed ranges and accompenying differences in design and
performance characteristics are considered

Each combination of flight speed and altitude in the analysis
1s considered a design point in that the engine is assumed to be
designed specifically for cruise operation at that point. A com-
plete analysis of any engine for a specific application requires
a consideration of the performance of a fixed englne ovér a range
of conditions some of which may be far from the design point. The
various engine types differ in the sensitivity of their performance
to shift in conditions from the design point. In particular some
englines provide greater thrust for take-off and climb than do
others for equal thrust in the cruise conditlion, and some are more
adaptable for application of thrust augmentation methods for these
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short-duration operatlons. A complete study that considers these -
factors would involve many arbitrary assumptions. The prosent

analysis was limited therefore to a cunsideration of a series of

design points at the cruise conditions with the bellef that the

results would be indicative prov;ded that the limitations of the

anglysis are clearly born in mind.

The welght of the engine per unit thrust ls an important
factor in the determination of the load-carrying capacity of an
alrplane equipped with the engine. The higher the weight SF the
power plant for a given thrust, the lower, of course, is the dls-
posable load that mey be carried by the alirplsne. In the case of
the compound, theturbojet, and the turbine-propeller engines, the
welght estimates were guided by a consideration of the weights of
engines that have been built and tested. The components of the
compound engine, nemely the reciprocating englne, the exhaust=gas
turbine, and the supercharger, have been the subject—of intenslve
development over a long periced of time and no large changes in
welght in conventional designs of these components are anticipated, v
The development of the two. turbine engines is recent and a signifi-
cant reduction in weight per unit thrust may be achleved by refine-
ment in design, improvement in materisls, and increase in permissible
gas temperatures through the use of turbine cooling On the other
hand, efforts to provide greater 1ife and adequate automatic control
tend to increase engine weight. The comparison of these power plants
on the basis of welight is therefore transitory. The improvement in
performance of an &alrplane equipped with turbine-propeller engines
that results from a reduction in engine welght is discussed. The
results of the snalysis are plotted in a form permitting repid
evaluation of the improvement in alrplene performance that can be
obtained with a reductlon in engine weight.

The performance values of the turbine engines presented are
based on component efficiencies that have been achleved in lebora-
tory investigations on research compressors and turbines designed
for high efficiencies. These efflclencies have not yet been obtained
on components of current turbine englnes. Although the specific
fuel consumptions used in this analysis for the turbine engines are
considerably better than obtained in current - practice, they are not
outside ressonable expectation.

The comparison of the actual performarnce of airplanes equipped

with various types of engine must take into account such factors as -
flight plan, part throttle efficlency, reserve fuel for emergency,
division of disposable load belween pay load and fuel, and other L

practical considerations. These considerations change with type of
application and with time. It was therefore conegdered_undesirable
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to sacrifice generality by avbitrary assumptions in this connection.
Instead the performence of the various engines are presented In a
form to illustrate thelr essentlial characteristics and to permit
application of any desired assumptions asg to flight operation.

At eny given flight speed and altitude, the merit of a given
propulsion systen is Judgod on: (a) the percentage of initisl
grogs welght still avelilable for disposable load (fuel load plus
pay 1doad) after the welght of the propulsion system reguired to
obtain the desired performsnce is deducted; and (b) the rate per
mile that disposable load is consumed (as puel) per ton of initial
alrplane gross veight to fly at the desired speed and altltude.
The ratio of (a) to (b) is the approximabe meximum range for the
given application.

The results of the computations are summarized by curves for
all of the engine types et various spesds and altitudes plotted
with the disposable load per pound of gross weight as the ordlnate,
the fuel rate in pounds per mile per ton of gross weight as the
absciesa, and the approximate range as a third scals. A factor
that correuta the approximate range for the effect of the change
in the gross weight of the airplane during the flight is algo
showm. In such a plot, it is expected that.for any cne engine
type as the Tlight speed is increased the disposable load per
pound of airplene weight is decreased because of the increased
engine weight required to supply the incrsased thrust, and that
a speed 1s reached at which it becomes desirable to shlft to sn
engine type having a lower welght per unit thrust in order to
restore the disposeble load even if it results in an Increase 1n
fuel rate per ton-mile., Thus the trend toward increased speeds
is expected to be accompanied by a shift toward engine types
having lower welight per net thrust usvally at the cost of an
increased fuel consumptlon.

The ‘pexrformance characteristics of the various propulsion
systems and their position in the operational spectrum are dis-
cusged in the individusl sections of this report and are sum-
mexrized in-a final section.



NACA TN No. 1348 <]

I - T™HEY COMPOUND ENGINE
Description

The compound englne generally considered for alrcraft propul-
sion consists of & conventional reciprocating engine, & steady-
flow exhaust-ges turbine, and an auxiliary supercharger. A power
plant of this type 1ls diagrammatically illustrated in figure I-1.
The engine exhaust gas 1ls ducted to the turbine, which is provided
with a nozzle for Jet propulsion, The turbine drives the auxiliary
supercharger and the excess turbine powsr is delivered to the engine
shaft through gesring. An intercooler is provided for coaling the
engine charge alr after the auxiliary compressor. The gheft power
of the system 1s converted to propulsive power by means of the
propeller. .

Engine Performance

The performance characteristics presented are for a compound
engine comprising a four-row alr-cooled englne of 4360-cubic-inch
displacement and are based on the results of dynamometer-stand
investlgations of a multicylinder alr-cooled engine of 2800-cubic-
inch displacement. Turbine and auxiliary-supercharger efficlencles
of 80 percent and an intercooler effsctiveness of B0 percent were
asgumed. The efficiency of the gears between the turbine and the
engine was taken as 95 percent,

One of the principal varlables affecting the performance of
the compound engine is the ratlo of engine-exhaust (turbine-inlet)
presgure to inlet-manifold pressure pe/pm. An increase in this

ratio Increases turblne power but decreases engine power. An
optimum exhaust pressure exists for which the net performance of
the system is a maximum, This effect is illustrated in figure I-2
where brake horsepower and brake specific fuel consumption (fuel
only) are plotted against pe/pm for thres altitudes and two

power levels (approximately cruise and rated powers for the engine).
The curves are for a flight speed of 400 miles per hour; however,
their shape will not change greatly for other flight speeds.

The curves show that the minimum specific fuel consumptlion is
obtained at a higher value of Pe/Pm than that corresponding to

maximum power. A value of Dg/R, ©of 1.0 represents a good com-

promise for all operating conditions and subsequent figures are
based on this value.
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The brake power Incresses initlally with Increasing altitude
and reaches a maximum at an altitude between 30,000 and 50,000 feet.
The eventusl decrease in power at hlgh altitudes is a resulli prin-
cipally of the increasing charge temperatures in the intake mani-
fold and consequent decrsasing indicated power.

The -specific fuel consumption decreases with increasing altitude

.principally as a result of incrvased turbine power. For aliiltudes

between 30,000 and 50,000 fest, the Improvement Im afficiency ls
© small and as altitude is furtker increased the specific fuel com-
sumption will eventually pass through a mintmum value. " This effect
is due mainly to the inorpased aupercharger and engine frictlon
power per pound of charge alr as influenced by the constant amblent
temperature sbove the tropopaude,

Brake specific fuel consumptions of 0.43 and 0,35 pound per
horsepower-hour for sea level and 30,000 feet,; resvectively, are
indicated at pé/pm = 1.0 for the cruise condition (fig, I-2{(a)),

The fuel consumptions for the rated-power conditlion are necesearily
higher because of the richer fuel-alr mixture required.

The specific fuel consumption on & net-thrust-horsepower basis
is plotted against flight speed in figure I-3 for the same altitudes
and power lévels as in figure I-2, The spscific fuel consumption in
this case.includes both fuel and oil and the net thrust power on
which it. is based ‘inclndes the propeller losses, cooling drag power,
and exhemst-jet thrust power. The specific oill consumption, based
on the brake powsr of the reciprocating engine only, was taken asg
0.010 and 0,015 pound per horsepower-hour for the crulse- and
rated-power conditions, respectively. The propeller efficlency
for this and subsequent figures was assumsd egual to 85 percent
for Mach numbers up to about 0.6 and decreased at highor Mach num-
bers in accordance with test data. (See the appendix,) The lowest
flight-speeds plotted are those at which avallable ram pressure
(0.9 of dyhamic pressure) is Just sufficient to maintain an average
engine cylinder-head temperature of 450° F. - '

: The fuel consumption for the cruise condltion decreases, 88 in
figure I-2, with increasing altitude far the range covored (fig. I-3{a)),
and will, as préviously stated, eventually reach a minimum value as
"the altitude is further increased, At rated power, the cooling drag
power is very large at 50,000 feet and the altitude for minimum
thrust horsepower specific fuel consumption is less than 50,000 feet
(fig. I-3(b))., Values of specific fuel consumption of about 0.5l
and 0.40 pound per nét thrust horsepower-hour ars indicatcd at sea
level ahd 30,000 Feet, respectively, for the crulse conditlon. The
corresponding values for rated power are about 10 and 15 percent— -
higher, respectively.

byl
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In order to facilitate comparison with the Jet-propulsion
powsr plents, which will be discuséed in the subseéquent parts of
this repcrt, the specific~fuel-comsumption data of fiigure I-3 are
shown in figure I-4 on the basis of net thrust, Net thrust specific
fuel consumption 1s plotted against flight speed_for the same
altitudes and powsr levels as in figure I-3. The almost linear
increase of thrust fuel corsumpbion with speed 1s & dirsct reflec-
tion of .the approximately constant thrust horsepower fuel con-
sumptions shown in figure I-3. The variation with altitude is
the. same as before, At cruise power, a value of about 0.1l4 pound
per hour per pound of thrust is obtalned at 100 miles per hour for
gsea-level operation increasing to 0.57 pound per hour per pound
of thrust at 500 miles per hour and 30,000 feet (fig. I-4(a)).

The net thrust in pounds per sguasre foot of nacelle frontal
ares is plotted against flight speed in figure I-5 for the same
conditions &s figures I-3 and I-4. The frantal area used In calcu-
lating these curves is that of the four-row air-cooled engine -
assumed for the reciprocating-engine componsnt of. the compound
engine plus allowance for nacelle clearsnce (engine diameter plus
3 in.). The thrust per unit frontal aree could theoretically be
increagsed by adding more rows of cylinders to an engine of the
same diameter; however, four rows represent the maximum nuvmber
currently used in large engines. The curves in figure I-5 are- - -
approximately right hyperbolas; therefore, doubllng the flight
speed halves the thrust. This varlation 1s expected, inasuuch ..
as thrust horsepower is subsbantially canstant over the speed
range. The thrust varies with altitude in about the same manner
as the brake power, which wag previously discussed. For cruilse.
power at 100 miles per hour and sea level, a thrust of about
3680 pounds per sguare foot of frontal_area is obtained decreasing
t0' 87 pounds per square foot. at 500 miles per hour and 30,000 feet
(fig. I-5(a)). The correspopding velues for rated power are about
68 and 58 percent higher, regpectively (fig. I-5(b)).

The difference between pet thrust and nacelle drag in pounds
per sguare foot of nacelle frontal area is presented in figure I-6.
The drag coefficient used foy calculating nacelle drag was based
on the result of wind-tunnel investigations and had a value of
0.056 up to a Mach number of 0.5, increasing to 0.085 at a Mach
number of 0.7, (See the appendix } Comparison of figures I-5
and TI-6 shows that nacelle drag is practically negligible excspﬂ
at the higher portion of .the speed range covered.

The thrusb delivered by the compound engine per pound of
engine weight is shown in figure I-7. The.weight values uged in
this figure include: the copstant welght of the reciprocating’
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englne and the auxiliaries; the welght of the auxlliary compressor, “
turblne, and intercooler, which varied with altitude; and the wolght

of the propeller, which varied with power, flight speed, and alti- .

tude. The curves in figure I-7 are simllar to those in figure I-5

except for changes introduced by the variations in power-plant

welght. For crulse power, a thrust of about-1.2 pounds per pound

of engine weight 1s indicated at 100 miles per hour and sea level

decresasing to about 0.27 pound per pound at 500 mlles per hour and

30,000 feet (fig. I-7{a)). The corresponding values at rated power

are about 50 percent higher (fig, I-7(b)).

I'oad.-Range Characteristics .

Accurate interpretation of power-plant performance in terms
of alrplane load-range characteristics is complicated and Involves
detalled considerations of airplane design, flight plan, and other
factors. An approximate evaluation that can be umed to illustrate
the comparstive performance of the different engines in the sub- -
sonlc range of flight speed, however, can be made rather simply.
The gross welght of the airplane per unit frontal area of the engine
nacelle is given by .

W _ F-Dh1 ’ B
il @

where o - - e - . L - : ) L

Wg groas yeight_g?_airp;ane,_pouqu

A nacelle frontal area, square feet
F net thrustof engine, pounds

D, nacelle drag, pounds

L/D 1lift=drag ratio of alrplame without necelles

The difference betwern net thrust and nacelle drag F - Dy
represents the thrust—available for overcomlng the drag of the
rest of the ailrplane. Two cases are ¢consldered: }

(1) Constent 1/D: The value of L/D i1s taken as 18 at
all flight conditions. ' .

(2) Limiting wing load: The value of I/D is taken as 18
only at flight conditlions where the resulting wing loading is
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80 pounds per square foot or less; at other flight conditions the
value of L/D is reduced to give a wing loading of 80 pounds per
square foot. '

Using the previously shown thrust minus nacelle-drag character-

istics of the powser plant (fig. I-B), the gross welght per unit

frontal area was calculated for ranges of flight speed and alti-
tude et a given power level of the engine.

The disposable load of the airplane per unit nacells fronbal
ares is taken as

Wy Wy -Wg =W,

vl £ i (2)

where . Lo

W3  total disposable load, pounds

W structure weight, pounds

W power-plant weight (including propeller), pounds .. . —1:W

The structure welght Wy including control equipment was

assumed to be 40 percent of the gross weight, which is an average
value for large conventional aircraft. From equetion (2}, it is
geen that the disposable load can be obtained from the gross weight
(equation (1)) and the power-plant weight,

The disposable load per pound of gross welght Wd/wg is
obtained by dividing equation (2) by eguebion (1).

The initiel fuel rate In pounds per mile per square foot of
nacelle frontal area is glven by

W .
A cTF ETS ) (3)

where
wr' initlal fuel rate, pounds per mile
wp fuel flow,-pOunds per hour

Vo flight spesd, miles per hour
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Values of wp/F and F/A cen be obtained from figures I-4 .

and I~ 5 respectlvely, for various flight speeds -and altitudes thus
permitting calculation of wg'/A. The initial fuel rate in pounds

per mile per pound of gross weight wf‘/wg can be obtalned by
dividing equation (3) by equation (1),

If the entire dlsposable load is-eonsidered to be fuel plus
tank welght, a range factor KR (X x range) is obtained by the
relation I o .

Wy W :
4 1

KR=.% € 1 mn 4
wgﬁ%l.lm_ss ()

The factor 1/1.1 accountes for fuel-tank weight, which was
assumed to be 10 percent of the fuel weight. For the campound
engine; as previously mentioned, the fuel weight also includes the
lubricating-oll weight.

The-correction factor X allows for deviations in flight plan
and for the progressive reduction in gross weight and, hence, rocduc-
tion in required fuel rate durlng the flight. The value of ‘X 1is
the ratie of-the average to the Initial fuel rate 'per mile per ton
of initial gross welght.. It may be computed for any desired flight
plan. (See the appendix.) Illustrative values of K are given
based on the Breguet range equation, which is derived on the assump-
tion thet L/D and specific fuel consumption (on a horsepower
basis) remein constant during flight. Constant L/D requires a
chenge in speed or albtltuds during the course of the flight, hence
the operating speeds and. altitudes to be presented correspond to
initial values of these variables. -

The losad-range characteristics of the compound englino at
crulse power for the case of constant L/D are shown Iin figure I-8(a)
where the disposable load per pound of gross welght wd/w

plotted against the initlal fuel rate per ton of gross weight
2000 we /W for a range of flight speeds at altitudes of O, 15, 000,

30,000, and 50,000 feet. A similsr plot for the rated-power condi—
tion is glven in figure I-8(Db). Flight spseds below 200 miles per
hour were not conaidered. in fligure I-8; speeds above 500 miles per
hour were omitted because of the rapid increase in nacelle-drag
power and decrease in prqpeller efficiency and engine thrust attend-
ing operation at_the higher speeds. o L
At constant altitude, an increase 1in speed resulta in an
increase in fuel rate and s decrease in disposable load. At
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constant speed, an increase in altltude results in a decrease in
fuel rate and an incresse in load up to an altitude of sbout .
30,000 feet with subsequent decrease in loed &s altitude is furthe
increased., This effect is more marked at higher flight speeds.
For most of the flight conditions, cruise-power operation results
in slightly lower disposable loads and fuel rates than rated-power
operation. At low altitude-high speed conditions, however, crulse
power wresults in markedly lower disposable load and higher fuel
rate then rated power. The marimum values of dilsposable load for
the operating comditions covered are about 0.5l and 0.54 pound per
pound of gross weight for cruise~ and rated-power operation,
respectively, and are obtained at 200 mlles per hour over a range
of altitudes from sea level to 30,000 feet. Minimum initial fuel
rates of about 0.12 (cruise power) and 0.14 (rated power) pound
per ton-mile are indicated over a range of speeds at the higher
altitudes: ' '

For the case of no pay load, thet is, the entire disposable
load is fuel plus tank, the range factor KR at any speed end
altitude is obtained from the slope of a line drawn through the
origin and the point in question. The slope of such a line is
equal to the ratio of the disposable load to the initial fuel rate
(equation (4)). A scale is included in figure I-8 for convenience
in estimating XR; a curve of the varilation of the correction
factor K with disposable load is given to permit calculation of
the actual range. - - e . k. .

Maximum range is obtained at the operating point giving the
line of meximum slope, which is seen to be at 200 miles per hour
and 30,000 feet for both cruilse- and rated-power operatlon
(f1g. I-8). The value of KR for the cruise-power conditlon is
about 7400 miles (fig. I-8(b)); the value of K for the corre-
sponding disposeble load is .0.74 from which the actual maximum
range is %%gg or 10,000 miles. The meximum range 1s slightly less .
for the rated-power condition; however, at the higher flight
speeds greater range 1s obtained for the rated-power than for the
crulse-power condition. K

The alloweble pay load for a specific range may also be
estimated from figure I-8. A line is drawn from the origin to the
desired renge, for exemple KR equals 2000 miles (fig. I-8(a)).
Then the vertical distence from a given speed-altitude operating
point to the line is the pay load per pound of gross weight and*®
the rest of the vertical distance down to the abscissa is the fuel
loed (plus tank) per pound of gross welght. The value of K is
obtained corresponding to this value of fuel loed (plus tank) per
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gross weight from the plot on the left-hand side of the figure.
(Ses the appendix.) The fuel load obtained in this mannor is only
the amount required to cover the desired distance: reserve fuel
for emergencies would therefore be charged against the pay load.

Additional weight breakdown of the alrplane can also be obtained
from figure I-8. Inasmuch as the figure is based on the assunptbion
of structural weight equal to 40 percent of the grnss weight, the
vertical distence from en ordinate value of 1 down to 0.6 is the
gtructural weight per unit gross weight and the vertical distanco
from 0.6 to any speed-~altitude operating point represents the power-
plant (including propeller) weight per unit gross welght. The
improvement that is obtainabie by a reduction in structural welght
or power-plent weight cen be readily indicated on the figure. For
example, if the structurdl weight per unlt gross welght were
reduced from 0.4 to 0.3 all the curves would be raiped O.1l; for a
reduction in power-plant welght, easch curve point woulid ba_ralsed
a percentage smount of ths vertical dlstance betwsed the point and
the structural weight line (the 0.6 ordinate in fig. I-8) equal bo
the percentage reduction in power-plant (including propeller)
wolght, - ) - S o

It is evident that wheré the operating point is closes to the
structural weight line (0.6 in fig, I-8), for example, at a low
flight speed, there is little improvement to be gained by reduc-
tion in engine weight; however, where the opereting point is
appreciably below the 0.6 ordinate, for exzamplé, &%t high f1light
speeds, large improvement—(large upward displacemsitt of the oper-
ating point) can be achieved by the same percentage reduction in
engine weight. - ' . .

The effect of & chenge in IL/D can be indicated in figure I-8
for sny given speed-eltitude operabing point by moving the poiat
along & line passing through the operating point and peint X
(located at the coordinates abscissa = 0, ordinate = structural
welght line (0.6 in fig. I-8)) on the basls that the distance of
the operating point from point X is inversely proportlonal to the
valus of L/D. The ¥alidity of this procedure can be agcertained
from examinstion of eguations (1), §2), and (3). The effect of &
change in the ratio r of necelle 8rag to englne thrust caa be
indicated in & similsr menner on the basis that the distance from
the operating point to the point X is inversely proportional to
1 - r. For example, at 500 miles per heur and 30,000 feet alti-~
tude the values of cruise power thrust and nacelle drag are
approximately 90 end 20 pounds per square foob, regpectively
(figs. I-5(a) and I-6(a)), hence .1 - r = 0,78, If the
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nacelle drag were reduced to zero (completely submerged installa-
tion), 1 -r =1 and the effect of this change 1s obtained in
figure I-8(a) by moving the operating point to point A where the
distance XA 1s 78 percent of the distance from X to the original
operating point.

The characteristics shown in figure I-8 apply only for the
agsumptions made in this analysis., The assumptions are repre-
gentative of normal practice rather than of special applications.
More than the 10,000-mlle range indicated could be obtained, for
example, by overloading the airplane, which would be equivalent
to changing the essumption 6f structurael weight equal to 40 per-
cent of the gross weight. Lower flight speeds would also improve
the range, : ' .

The L/D value of 18 (fig. I-8) would predicate extremely
high wing loadings and attendant high take-off and landing speeds
for asirplanes designed to fly in the high speed-low altitude
range. This condlition is corrected In the limited wing-loading
calculation wherein L/D was 80 adjusted as not to exceed a wing
loaeding of &80 pounds per square foot over the range of cperation
covered, The following table lists the f£light spesds and alti-
tudes at which a wing loading of 80 pounds per sguare foot is
compatible with an L/D value of 18: -

 Altitude, £t 0 15,000 30,000 50,000
Flight speed, mph 214 270 350 550

At highér epeeds, L/D was reduced to values consistent with a
wing load of 80 pounds per square foot; at lower speeds, L/D wes
maintained constant st 18 with attendant reduction in wing loading.
The load-range characteristics for the esswmption of limited wing
loading ars shown in figure I-9., Comparison of figures I-8 and I-9
shows that the high-altitude points and the low altitude-low speed
points are not apprecilably affected by the wing-loading limitation;
therefore, the maximum range is still 10,000 miles. The sea-level
high-speed charzoteristics are, however, seriously impairéd, as is
1llustrated in flgure I-10 where the sea-level curve from fig-

ure I-9(a) is superimposed on the curves of figure I-8{a)., At )
400 miles per hour, the initlal fuel rate has been increased from
0.21 pound per ton-mile for a constant value of L/D of 18 o

0,39 pound per ton-mile for a constant wing loading of 80 .pounds
rer square foot and the corresponding disposable load has been
reduced from 0.36 to 0.15 pound per pound of gross welghtb.

Included in figure I-9 ars several operating polnts for a
turbosupercharged reciprocating engine. Point B (figs. I-9(a)
and I-9(b)) is for a turbosupercharged engine operating at a
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flight speed of 200 miles per hour and an altltude of 30,000 feet.
Points C and D (f1g. I-9(a)) are for 500 miles per hour and alti-
tudes of 50,000 and 30,000 feet, respectively. The performance of
the turbosupsrcharged engine is obtained by assuming that all of the
engine exhaust ges passes through the turbine (that is, closed waste
gate) and that the engine exhaust pressure (turbing-inlet pressure)
is that which provides Just encugh turbine power to drive the auxll-
lary supercharger. The turbine and auxillary superchargexr effi-
clencies are the same as used for the compound engine (that is,

80 percent). '

At 200 mlles per hour and 30,000 feet, the range of the turbo-
supercharged engine is about 75 percent of that for the campound
engine. A comparison of the curves for 500 miles per hour shows
that at’ a glven altitude the compound englne gives considerably
greater range than the turbosupercherged engine.

Conclusion

The results of this study show that with the compound engine,
greatest range 1ls obtailned at low~to-mocderate flight speeds and
moderate-to-high altitudes., The load-carrying capacity 1s good
at low speeds over a range of altitudes and economy is good over
e range of apeeds &t relatively high altitudes. Comperison of
the cheracteristics of the compound engine with those of the other
power plents wlll be made in subsequent parts of this report.
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Figure I-i, - Diagrammatic sketch of compound engine.
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II - THE TURBINE-PRCPELLER ENGINE
Description

The gas turbins may be used to replace the reciproceting engine
as a drive for a conventionsl propeller. A schematic diagram of
such a plan is shown in figure ITI-1. A corpressor induc*s cold air
from the atmosphere and compreases it to a nigh prsssurs. Fusl is
mixed with the compressed air and burned and the gas is expandsd
through the turbine to approximately atmospheric pressure. The
power created in expansion of the hot gas is more than reguired to
compress the cold air and this excess power is utilized by a
turbine-driven propeller and by a Jet nozzle in back of the turbine.

Engine Performance

Presentation of the performance characteristics of +this engine
congists of : (1) an exsmination of the effects of some important
design and operating parsmeters on the fuel consumption and power,
(2) analysis of the performance of selected ergines in an airplane
in terms of load-carrying capacity and range, and (3) a.comparison
of the load-carrying capacities and ranges of alrcraft powered by
the gas turbine and the compound engine. )

The effect -on breke fuel consumptlion of increasges In pressure
ratio and cycle temperatures (ratio of turbine-inlet temperature to
atmosphere temperature) is shown in figure II-2. In this figure the
compressor. and turbine efficiencies are assumed to be 80 percent and
the combustion efficiency 95 percent.

Increassee in turbine-inlet temperature decrease the fuel con-
sumption provided the pressure ratio is properly increased. At
the present limiting temperature of 1500° F at the turbine inlet,
the temperature ratios at sea level and at 50,000 feet are indicated
by points A and B, respectively, In flgure IT-2. At point A, cor-
responding to sea level, the optimum pressure ratio is shown to be
between 8 and 16 or about 12. At point B, corresponding to an altl-
tude of 50,000 feet, the optimum pressure ratio for minimm specific
fuel consumption is above 16. At constant pressure ratio and the
conditions presented in figure IT-2, increases in turbine-inlet tem-
perature resulted in increase in net work per pound of sir.

The effect of changes in the efficiencies of the compressor and
the turbine on fuel consumption ie shown in figure II-3. For sach
tempersture ratio and value of component efficiencies, the optimum
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pressure ratio for minimum specific fuel consumption was chosen in
the manner shown in figure ITI-2. The efficiencies of the components
have & great effect on fuel conpunmtion. For exsnmple, at sea level
with present limltations on cycle temperature (point A), an increase
in component efficiencies from 80 to 90 percent reduces the specific
fusl consumption from 0.65 ta 0.38 pound per brake horsepower-hour.
Thus it appears thkat considerable variation in the fuel consumpition
of turbine-propeller engines nay be obtained by small chazges in
compressor and turbine efficiencies and in turbine-inlet tempera-
tures, and any specific choice of thesme values for purposes of
‘comiparing turbine-propeller engines wlth other engires is subject

to widée-latitude. For the remginder of this study the Following
efficiencies have been asmmed: compressar, 85 percent; turbine,

90 percent; combustion chamber, 95 percefit; intake diffuser,

90 percent; and jet nozzle, 9% vercent. ‘A pressure ratlo of 12 1s
assumed except where otherwise noted, and a turbine-inlet tempera-
ture. of 1500° F 1s used. The division of power between the propeller
and the jet was chosen to give maximum thruet power for each operating
condition,

In the analysisg of the effects of flight speed and altltude upon
specific fuel consumptlion, the efficlency of the propeller must be
congidered. Fuel consumption 1s on the basis of pounds of fuel per
net thruet horsepower-hour. Figure IT- i shows that increassing speed
decreases the fuel consumption slightly until eevere losses in
rropeller efficiency at high speed cause an increase 1n_£uel con-
sumption. Increased gltitude reduces the fuel consumption because
a higher temperature ratioc is permitted, as shown in figure II-3.

. Under the conditions assumed, the specific fuel comsumption lies
between O.44 and 0.54 pound per net thrust horsepower-hour at speeds
below 500 miles per hour (fig. II-k).

The power characteristics, as well as fuel consumption, must
be evaluated, before comparative studies of the engines can be umade.
_ The power-weight ratio (including propellsr), as expressed in terms
of thrust-weight ratioc of a turbine-propeller engine, is shown in
figure IX-5. For this figure the lowest weight-hcrsepower ratlo at
90 “pércent of maximum power attained in-test from avalleble litera-
ture on turbine-propeller engines was used. This :ratio at static
sea-level conditions was corrected to account for wvarlations in
flight speed, altitude, and pressure ratio. The correction was made
by computing the. change in work output per pound of air, change in
alr capacity of the engine, and change in the welghts of the engine
parts. The ailr capacity was corrected by assuming that the Mach
number of the alr entering the compresscr was constant. The welghts
of the components were corrected for changes in campression retlo by
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assuming that a portion of the engine weight 1s independent of the
pressure ratio, and that the remeining portion 1s proportional to
the number of compressor and lurbine stages. According to these .
calculations, the ratioc of the welghts of erglnes with compression
ratios of 12 and 5 was 1.4,

The welght-horsepower ratio at static sea-level conditions of
the engine without propeller used for this analysis based on the
lightest current engiane per unit power, the weight-hormepower ratio
of a representative or average current engine, and an estimated
welght-horsepower ratio obtained by adding additional turbine and
gearing weight to a turbojet engine are shown uncorrected and
corrected to & pressure ratio of 12 in the following table. The
equivalent horsepower was computed by adding to the shaft horse-
power the guotient obtained by dividing the static thrust of the
exhaust Jet by L.

Engine wolght
{ib/bhp)
:Canpres-{Continuous-rated stetic|Maximum static equiva—
Engine slon equlvalent power atb sea lent power at sea level
ratio jlevel
Observed | Compression | Observed | Compression
ratio, 12 _ ratlio, 12
Lightesat 5 0.734 1.03 0.66 0.927
surveyed : £
(used. in
the anal-
ysis) , )
Represent- 6 <908 1.17 815 1.05
ative .
Converted 4 .56 <73 .50 .66
turbojet

The engine chosen for the analysis had a welght-horsepower
ratio of 1,03 pounds per brake horsepower with a compreseion ratio
of 12 at static sea-level conditions. The selection of this weight
is subject to wide latitude because of the uncertainty in the
accuracy of the estimate of the effect of compression ratio on engine
welght. Further, the analysis of the converted turbojet engine
indicates the possibility Qf considerable reduction in weight-
horsepowsr ratio.
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Figure II-5 shows that high thrust-weight ratios are obtained
at low flight speeds at sea level, but the thrust decreases rapldly
with increases in speed and altitude. The rapid loss in thrust with
- incresse in altitude is the first significant difference between the
turblne -propeller engine and the compound engine. The compound
engine 1s assumed to be supercharged sufficlently to maintain mani-
fold pressures required at sea level up to altitudss as high as
considered in this study (50,000 ft). Consequently, the turdbine-
Propeller engine, which produces more thrust than the compound
engine for a given weight at sea level, will at certaln altitudes
produce less thrust than the compound engine. Figure II-6 compares
the effects of altitudes upon the thrusta of these two englnes with
the compound engine operating at cruise power.

The thrust per unit frontal area 1s of importance when the englne
is quite large iun proportion to 1ts power and when high flight speeds
are considered. Figure II-7 shows the thrust per unit frontal area
of the hypothetical engine atsltitudes from sea level to
50,000 feet and flight speeds from 100 to 500 miles per hour.
Increases in both altitude and speed decrease the “thrust per unit
engine fromtal area. These curves are representative of some
existing turbine-propeller engines. Studles of turbolet-engine com-
ponents indicate that the thrust per unit engine frontel area could
be increased at a posaible coat of increased weight and fuel
consumption‘ S

Load-Range Characteristics

The loasd-carrying capacity and the range of an airplane are
affected by the fuel consumption and the engine weight. Charts
showing disposable loed, fuel rate per ton-mile, and range for
various speeds and altitudee are shown in figure II-8. Figure II-8(a)
shows the load-range characteristics when the 1lift-drag ratio is
maintained at 18. In figure II-8(b), the wing loading is limited to
80 pounds per squere foot. A maximum 1ift-dreg ratio of 18 was
chosen for conditions where this 1lift-drag ratio could be attalned
without exceeding e wing losding of 80 pounds per square foot.
Nacelle drag was deducted from englne thrust. Comparison of fig-
ures IT-8(b) and II-8(a) shows that for high-speed service, con-
siderable loss in performance results from the use of wings largs
enough to limit wing loading to 80 pounds per square foot, and that
better high-speed performance at low altitudes would be achieved by
using smaller wings and assisted take-off.
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Figure II-8 shows that the greatest disposable load and lowest
initial fuel rate are obtained at the lowest flight speed considered.
The renge, obtained by drawing a line frdm the origin through the
gelected operating point and exbending this iine to the scale of
K X range- (fig. II-8(b)), shows a maximm X X rauge. of 6560,
which is lese than that for the compound engine. At flight speeds
above 300 miles per hour, the disposable load is approximstely can-
stant with varistion in altitude up to aboutv 30,000 feet. Above
this altitude the disposable load falls rapidly.

An engine wlth a pressure ratio of 12 was assumed for figure II-8.
Selection of a pressure ratio giving maximum range. or maximum dispos-
able load at a spscified range is compllicated and has been worked
out for only two extreme cases. An increase in pressure ratio up to
12 decreases the thrust per pound of engine weight but improves the
fuel consumption. The effects of this phenomenon ere illustrated
in figure IT-8(b). In one example, at a flight speed of 200 miles
per hour at sea level decreasing the pressure ratio from 12 to 5
increased the disposable load slightly at a cost of considerable
increase in fuel consumption end loss in maximum range. In another
cagse, at an altitude of 50,000 feet and a speed of 500 miles per
hour, the weight of the engine with a pressure ratlo of 12 is so
great that little capacity is left for disposable load. In this
case reduction of the compression ratio from 12 to 5 reduces the
engine weight sufficiently to increase the X X rangg from 130 to
1040 miles. Thus it is shown that the optimum pressure ratlo for a
glven type of aircraft service cammot be computed from variations
in engine characteristics alone, but the type of service muet be
considered. Even at a specified flight speed and altitude, the
optimm pressure ratio varies with specified range.

Point A in figure II-8(b) represents an existing turbine-
propeller engine with a compression ratlio of 5 operating at 500 miles
per hour at an altitude of 33,000 feet, and again shows that a
compression ratio lower than 12 provides greater disposablg_load a
high speed at the cost of a higher fuel rate. ' S .

Analysis of the welght of a turbojet engine converted for
producing sheft power with an additional turbine and a gear box
indicated that the weights of turbine-propeller engines might be
reduced 30 percent without increasing cycle temperatures. An ,
additional curve is therefore presented in figure II-8(b) to show
the performance of the turbine-propeller engine at 500 miles per
hour if future progress reduces engine end propeller weight 40 per-
cent. An incresse in dispossble load of 4l percent and an increase
in X X range of 41 percent would result at an altitude of
30,000 feet.
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An example of the effects of nacelle drasg om performance is also
shown 1n figure II-8(b) for a flight spesd of 500 miles per hour at
an altitude slightly above 30,000 feet. The effect of a change in
the ratio r of nacelle drag to engine thrust can be indiceted on
the basls that the distance from the operating point to the point X
is inversely proportional t0 1 - r. In the case considered, the
value of r s 0.21 (taken from fig. IT-5), and if drag were
eliminated the operating point would move along the broken line to
point B. This elimination of the nacelle drag increases the dispos-
able load and K X runge 23 and 58 percent, respectively.

Comparison of Turbine-Propeller Engine
ani Oompound Engine

Inasmuch as estimates of the performance of the turbine-propeller
engine and the compound englne are available, a comparison of the load-~
carrying cepaclties and ranges of airplanes powered by these englnes
may be mede. Data from figure IT-8(b) for the turbine-propeller
engine are compared with date from a similer figure presented for the
compound engine. The results are shown in figure II-9. The broken
line in the center of the field separates the reglons whers the
turbine-propeller engine having a pressure ratic of 12 and the com-
pound engine show the greater load-carrying capacitles at the
specified speeds and fuel rates per ton-mile, respectively. The
turbine -propeller engines shows somewhat-greater load- -carrying capac-
itles at low flight altitudes and speeds than the compound engine;
the compound engine shows greater load-carrying capacities at the
various speeds at high altitudes.

The ability of the compound engine to carry disposable loads
greater than those of the turbine-propeller engine at high flight
speeds and altlitudes is & result of the supercharging sccomplished
in the compound engine. Ae shown in figure II-6, the turbine-
propeller engine produces more thrust per unit weight than the
compound engine at sea level; this difference disappears at about
30,000 feet, and at higher altitudes the compound engine is more
poweriul. Furthermore, the minimum specific fuel consumption of the
compound engine is lower. Comnsequently, ae shown in flgure II-G,
at high flight speeds of approximately 500 miles per hour, aircraft
powered by the compound engine may fly at high altitudes to permit
operation at the economicel maximum 1lift-drag ratio with engines no
heavier than the turbine~propeller engines required at a lower and
less economical sltitude and will therefore have the greatest range.
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These facts indicate that the weight-horsepower ratio of +the
turbine-propeller engine (neglecting propeller weight) with a pres-
sure ratio of 12 at static sea-level condlitions must be less than
the 1.03 pounds per equivaelent brake horsepower chosen fon this
analysis 1f it is to compete with the compound engine at a flight
speed of 500 miles per hour.

The effect of engine weight is again shown in figure II-10.
In this case the equivalent static sea-level values of pounds of
engine welght per horsepower are shown and the comparison is made
for a £light speed of 500 miles per hour. This figure shows thet
8 turbine-propeller engine with a pressure ratio of 12 must have
a static sea-level weight-horsepower ratio of 0.4 pound per horse-
power 1f it is to have as greet a maximum range as the compound
engine at 500 miles per hour. Heavier engines could be permitted
at less than maximum ranges.

The pay loads of the two engines ave compared in figure II-1ll.
The weight-horsepower ratio of the turbine-propeller engine at
static sea-level conditions was assumed to be 1,03 pounds per
horsepower, a value obtained by adjusting to a pressure ratio of 12
the welight of the lightest engine that has been tested and for which
data are available. At each range and flight speed the aireraft
were assumed to fly at altitudes providing the greatest load-
carrying capacity. Figure II-11 shows that the turbine—propeller
engine can carry greater loads than the compound engine for ranges
up to 2900 umiles at 200 miles per hour, and that thie range .of
equal load-carrying capacity decreases with increasing airplane
speed until at about 500 miles per hour the compound engine shows
greater loesd-carrying capacity at all ranges. If the f£light altltude
is limited to 20,000 feet, the turbine-propeller has the greater
loed.-carrying oapacity at attainable rangee and speeds.

Conclusion

In this analysis the fuel consumption given for the turbine-
propsller engine is optimigtic in regard to present practice. ‘The
welght of the engine used in this study was obtained by correction
of the weight of an exlsting turbine-propeller engine to a higher
compression ratio. Under these conditions the range estimates show
that the gas-turbine enging with high pressure ratio may provide
long renges at low speeds and moderate altitudes. The compound
engine, as a result of its. lighter welght per unit thrust at high
altitudes, provides greater rangs than would be ohtained from the
turbine-propeller engine at high speeds. Anslysis indicates the
possibility of utilizing lighter turbine-propeller engines per unit
thrust than assumed and this reduction would be necessary if the
turbine-propeller engine is to provide a range equal to that of the
compound engine at a £light speed of 500 miles per hour.
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ITT - THE TURBOJET ENGINE
Degcription

A turbojet engine produces a propulsive thrust by drawing in
air, accelerating it to a high velocity, and discharging the high-
velocity air in a reerward direction., Thrust results from the reaction
of the acceleraticn of the air. ;

A schematic diagram of a turbojet engine is shown in figure ITI-1.
Alr is drawn in at the coumprsssor inlet and ie compressed to a high
Pressire in the compressor; the high-pressure air passes into a com-
bustion chamber where fuel is sdded and burned and the high-
temperaturs products of combugtion expand through the turbine that
drives the compressor; and fiually, tke high-energy gases leaving the
turbine expand through a nozzle as a jJet in the atmosphere.

Engine Pexrformance

Fundamentally, both the turbojet and the propeller produce a
propulsive thrust by accelerating air in a rearward direction. The
turbojet differs from the propeller in that a large acceleration is
given to a small mass of alr; whereas the propeller gives a small
acceleration to a large mess of air. In either case, the propulsive
thrust equalg the product of the mass of alr hendled and the increase
in velocity of the air passging through the turbojet or propeller.

The kinetic emergy imparted to the air by the turbojet is greater
than that imparted by the propeller because the kinetic energy equals
the product of the mass of air and the square of the velocity; wherees
the thrust is proportional to the filrst power of the velocity. In
other words, the propulsive efficlency of s turbojet is much poorer
than that of a propeller. The approximate propulsive efficiency of a
turboJet-povered aircraft flying at 340 miles per hour at sea level is
37 percent; doubling the flight speed to 680 miles ver hour raises the
propulsive efficiency to 60 percent. In conbrast to the low value of
37 percent at 340 miles per hour, propeller efficiemcles of 85 percent
are obtainable. At transonic and supersonic speeds the propeller
efficiency decreases greatly because of compressibility effects. At
the same time the propulsive efficiency of the turbojet comtinues to
increase with increasing flight speed. It can thersfore be concluded
that at subsonic flight speeds a turbojet will always be handicapped by
low propulsive efflciencies but at supersonic speeds this handicap

is overcoms.

The over-all efficlency of a turbojet is a function not only of
propulsive efficiency but of the thermal cycle efflciency. It is
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well known that the efficiency of the 1deal cycle increases with
increasing compressor pressure ratlo and at first glence it would
appear that the highest possible compressor pressure ratio would be
desirable., Actually, because of losees in the compressor and the
-turbine and because the available turbine meteriasls limit the com-
bustion temperatures, there is a finite compression raetio at which
best economy is obtained. The compressor pressure ratio at which
best thrust is obtained from an engine with a given air capaclty is
conglderably lower then the cumpressor pressure ratioc for best
economy. Most current turbojet engines operate with compressor
Pressure ratlios close te the value for maximum thrust.

The compressor pressure ratio at which best thrust is obtained
decreages with increasing flight speed and finaslly at a flight
speed between 1400 and 1500 miles per hour the optimum compressor
pressure ratlo falls to a value of 1.0. At this value, there 1s
nc compression in the compressor and the engine lg operating essen-
tially as a low-temperature ram jJet.

The thruste that can be obtalned from a.series ofengines,
each opereting at the compressor pressure ratio for maximum thrust
at flight speeds between O and 1500 mlles per hour and altitudes of
sea level, 30,000, and 50,000 feet; are shown in figure III-2.
These curves do not represent any single engine; jinstead, each
point on the curves represents a separate engine designed to operate
at the optimum compressor pressure ratio for the canditions of
altitude and epeed indicated. The velues shown in figure ITI-2
were estimated by assuming a compressor efficiency of 85 percent, a
turbine efficiency of 90 percent, and a combusiion efficlency of
95 percent with a turbine-inlet temperature of 1540° F. The air-
handling capacity of the engine was essumed to be 13 pounds per
second per square foot of fromtal area at sea level and zero flight
speed. At other flight conditions, the compressor-inlet Mach B
nunber was agsumed to be the same as the value ccrrespondlng to these
conditions., e — - :

In the range of subsonic speeds, flight speed has relatively
little effect upon the thrust; at supersonic f£light speeds, how-
ever, the thrust significantly increases with increasing flight
speed. (See fig. ITI-2.) At a speed of 1500 miles per hour and
sea-level altitude, the thrust reaches 2000 pounds per square foob
and, in terms of horsepower, this thrust is equivalent to 8000 horse-
power per square. foot of engine frontal area. Increasing the
altitude decreases the thrust because of the decrsasing alr density.
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The drag of the engine nacelle becomes large at high flight
speeds ard, consequently, the net thrust avallable from the Jet-
engine ingtallation is considerably less than the values shown
in figure III-2. Values of engine thrust minus nacelle drag are
shown in figure ITII-3. A comparison of this figure with figure
IIT-2 shows the great reduction in avallable thrust at supersonic
Bpeeds.

The weight of a Jet engine is, of course, also an important
consgideration. The thrust per unit engine welght based upon values
glven in figure III-2 is presented in figure ITI-4%. The weights
of the engines have been estimated from the weight of a standard
turbojet. The weights of the compressor and the turbine were
corrected by assuming that these weights are proportlonal to the
logarithm of the pressure ratios; the weights of the other elements
of the engine were not altered. Estimates based. upon these agsump~_
tions resulted in a value of 2.62 pounds thrust per pound englne
welght at sea level and zero flight speed (fig. ITII-4). Higher
values for the ratio of thrust to engine weight actually have been
obtained and future developments mey result in additional increases.

The fuel sconcmies, expressed as thrust specific fusl consvmp-
tions, are given in figure ITI-5 for conditions corresponding to
the thrusts given in figure ITT-2. An incrsase in flight speed
increases the thrust specific fusl consumption; from zero flight
speed at sea level, the fuel consumption increases from O. 85 to a
value of 1.9 pounds per hour per pound of thrust at 1400 miles per
hour. An increase in altitude improves the fusl consumption because
of the reduction in air temperature with increasing altitude.

The thrust and fuel consumption shown in figures ITI-2 and
III~-5, respectively, have been used to estimate the performance of
the subsonic and supersonic airplanes powered by bturbojet engines.

Load-Range Characteristics

Subsonic flight speeds. - The rangs of subsonic alrcraft powered
by turbojet englnes is estimated using the ssme assumptions regarding
the alrplane characteristics as were used in the preceding parts of
this report; these assumptions are presented in the appendix. Results
of the calculetions at a lift-drag ratioc of 18 are shown in fig-
ure III-6(a). The most important result shown in this figure is
the great reduction in the fuel rate per ton-mile with increasing
flight speed. This result is directly contrary to the findlings pre-
sented In the preceding parts of thls report for the engines ubtil-
izing propellers wherelin the fusl rate per ton-mile increased with
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Increasing fllight speed. 'Thie decrease in fuel rate wilth increasing
flight speed 1ls-a direct reflection of the improvement in propulsive
efficiency of a ‘turbojet engine with increasing flight spoed. Besk
economy and greatest range is seen to be obtained at the highest flight
speed consldered, 550 miles per hour. Altitude baa relatively emall
effect upon the range at high flight speed. The range factor that is
found by drewing a line through the origin and tangent to the curve

- representlng 550 miles per hour is 4130 miles, the X factor for the

disposable load at the point of tangency ls 0.72, and the rangs is
5740 miles.

Incressing the compression ratic to values above that required
for maximum power Improves the fuel consumption but reduces engine
thrust. The effects of increasing the compression retio upon range
- at 550 miles per hour and an altitude of 30,000 feet are also shown
in figure III-6(d). Increasing the compression ratio from the value
for maximum thrust 7.8, to the value for best economy 18, reduces
the fuel rate per ton-mile without seriously affecting the disposable
load and, consequently the renge is Improved. The yange factor
(K X range) at a compreasion ratio of 18, flight speed of 550 miles
per hour, and altitude of 30,000 feet 1s 4700 miles, the value of
K 1s 0.735, and the range 15 therefore 6400 miles.,

As yas previously mentioned, the resulte shown in figure ITI-6(a)
apply to the alrplane operating at the maximum lift-drag ratio of 18
at all flight speeds and altitudes, This assurption ressults in extremely
high wing loadings at high flight speeds and particularly at low altitudes.
These high wing loadinges make 1t neceseary to use special methods for
lauvnching or assisting in take-off of the aircraft.

The curves shown in figure III-6(b) were estimated by selecting
e lift-drag ratio to glve a wing loading of 80 pounds per square foot-
except in cases where & lift-drag ratio of 18 gives wing loadings less
than 80 poundse per square foat. In such cases the lift-drag ratlo was
assumed to be 18.

At low flight speeds or at high altitudes, the wing loading at a
lift-dreg ratio-of 18 is less than 80 pounds per square foot; consequently,
the values of disposable load and fuel consumption per mile are the same
a8 those shown in flgure III-6(a). A% these flight conditions, the fuel
rate per ton-mile decreases with increasing flight—speed, as hae been
previously discussed. At speeds somswhat above the limiting speed at
vhich the wing losding equals 80 pounds per square foot, the fuel rate
per ton-mlile increases wlth increasing flight speed because the reductlion
in aerodynamic efficiency accompanying the reductlon in lift-drag ratio
more than counteracts the improvement in propulsive effilclency with
flight speed. As an example, figure III-E(b) shows that at an altitude of
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30,000 feet, the fuel rate per ton-mile decreases with increasing
flight speed up to a flight speed of aboubt 400 miles per hour
beyond which the fuel rate per ton-mile increases with further
increase in flight speed.

The best range of 4670 miles was estimated from fig-
ure III-6(b). Flight at substantially higher speeds than
550 miles per hour will not improve range because compressibility
effects will increase drag and reduce the lift-drag ratio., Also
flight at high altitudes will not improve range because the reduc-
tion of thrust with gltitude reduces the dispossble load as can
be seen in figure III-6(b). Flight at high speed eand low altitude
results in extremely poor fuel economy end range. In particular,
at sea level and 550 miles per hour the range is reduced to
1410 miles and the fuel consumption is about four times greater
than that obtained at the most economical speed and altitude.

A comparison of the performence of airplanes powered by com-
pound, turbine-propeller, and turbojet engines 1s shown in flg-
ure III-7. These curves represent pesrformance in cages where the
wing loading 1s limited to 80 pounds per square foot. The best
range of the turbojet engine is much less than the best range of
eilther the compound or the turbine-propeller engine., If a flight
speed of 550 miles per hour is desired, the range of the turbojet
exceoeds the range of the other two engines.

Supersonic flight speeds. - At supersonic flight speeds, the
range estimates required an entirely different set of assumptions
from those used at subsonic speeds. For these condltlons the
following assumptions were made: (1) The lift-drag ratioc of the
wing i1s assumed to be 7 instead of the previous value of 18 for
the entire airplane less nacelles; (2) the size of the fuselage
required to accommodate the disposable load was estimated and
the drag of the fuselage at each flight speed and altitude was
calculated; (3) drag coefficient and diffuser efficiencies were
gselected after a study of available data and the values of these
coefficlents end efficiencies are given in the appendix; (4) the
welght of the structure is 0.3 of the gross welght; and (5) the
tank weight is 10 percent of the fuel welght,

The gross weilght W8 of the airplane is given by

. L
Wg=(F-Dy -D¢) 5 (1)
where

F net thrust of engine, pounds

D

n  nhacelle drag, pounds
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Dp fuselage drag, pounds
L/D 1lift-6rag ratio of wing
The total disposable icad Wy 1is
Wg = (1 ~ a) Wg ~ We (2)
where
a ratio of structure weight bo gross weight

Wy engine welght, pounds

Fuselage size was estimated on the assumption that the density
of the disposable load was 50 pounds per cubic foot., The fuselage
drag Dp equals the sum of the skin-friction drag and the wave
drag. For s fuselage with a length- diameter ratio of 12 and with
conlcal ends having cone angTes of 20 the drag was calculated
from the equation: . )

2/3

Wd. Wd +- We
De = % \5 * 700 (0.4528 Cp 1 + 8.34 Cp p) (3)

4 dynamic preasure (incompressible), pounds per square foot
P fuel density
CD,I vave-Grag coefficlent

CD g Skin-friction drag coefficlent, 0.003

W
Values of CD T are given in the appendix. The texm 5% is
W
volune of fuel; "2755"- 1s the volume allowed for controls,

which is based upon 2 cubic feet per ton of gross weight.

Equations (l), (2), and (3) were simultaneously solved to
cbtain Wz and W

Unlike the subsonlc case, " the results are not independent
of the size of engine chosen because the drag of the fuselage
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increases with the square of a linsar dimenslon of the fuselage;
whereas, the load-carrying capacity increeses with the cube of a
linear dimension. Consequently, the fuselage drag per pound of
disposable loed is less for a large airplane than for a small one.

In order to permit comparisons of the performance of air-
planes powered by turboJjet, turbo-ram-jet, and ram-jJet engines,
the frontal areas of all turbojets were fixed at 12.5 square feet,
The resultant gross welghts of airplanes designed to fly at
12 £light conditions are glven in the following table:

Altitude 0 30,000 } 50,000
(£%)
Gross welght
Flight speed (1b)
(mph)

.. 900 10,900 | 14,000 | 8,730
1100 . 11,300 | 16,800 } 10,800
1300 12,900 | 21,200 | 14,100
1400 14,300 | 24,100 | 16,400

Results of the calculations for supersonic flight are shown
in figure III-8. A graph of the K factor is not shown because
at supersonic speeds the parasitic drag of the nacelle and the
fuselage is large compared to the drag of the wing and only & very
small reduction in drag accompanies reduction of fuel load with
flight duration., As an approximation, the value of X can there-
fore be essumed equal to 1,

It is immediately evident from figure IIT-8 that flight at
low altitudes results in poor fuel economy and range and that
flight at the highest altitude considered results in best economy.
The best range 1s obtained at an altlitude of 50,000 feet and
1400 miles per hour at which speed the compressor pressure ratio
of the engine has dropped to almost 1 and the engine is operating
essentially as a ram Jet. The value of the maximum range is
1330 miles. Even greater range would be obtained at higher
altitudes.

At the best range condition shown in figure III-8, that 1s,
1400 miles per hour at 50,000 feet, the gross welght of the air-
plane corresponding to the. point shown 1s 16,400 pounds, as given
in the foregoing table. The effect of gross welght on performance

™
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is illustrated by a computation of the performance at 1400 miles per
hour and 50,000 feet for gross weights of 8200 pounds and 49,200 pounds.
These poaints are included in figure IIT-8.

At supersonic speeds, increasing the compression retio to values
greater than that required to give best thrust resulis in less range.

Conclusions

It can be concluded from this study thaet at flight speeds less
than 550 mlles per hour the best range of & turbojet-powered alr-
plane is considerably less than the best renge of alrplanes powered
by & compound or a turbine-propeller engine. AL flight speeds
above 550 mlles per hour, however, the range of the turbojet ~powered
airplane im greater than the range of an alrplane powered by & cam-
pound or a turbine-propeller engine, The best range of the turbojet-
powered airplane with & wing loading limited to maximum value of
80 polinds per sguare foot~is obtalned at maximum altitude end maxi-
mum flight speed. The best range of supersonic alrcraft equipped
with turbojet engines investigated in this study was obtained at
the maximum altitude and engine speed considered (namely, 50,000 ft
and 1400 mph). The best supersonic range found in these caloula-
tions was roughly one-fourth of the range obtainable by subsonic
alrcraft powered by turbojet engines.
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IV - THE TURBO-RAM-~JET ENGINE
Description

The turbo-ram-Jjet engine is dlagrammatically illustrated in
figure IV-1l. This engine consists essentlally of a conventlional
turboJet engine with provision for rehesting the gas between the
turbine discharge and the exhaust nozzle. In this manner, it is
poesible to obtain higher gas temperatures in the exhaust Jet than
can be withstood by the turbine. As its name implies, the turbo-
ram-Jjet engine mey te considered as a combination of a turbolet
englne and a ram-jet engine im which the inlet conditions are egual
to the turbine-discharge conditions of the turbojet. The cycle on
which this engine operates is called tail-pipe burning or afterburning.

In this type of engine, 1t is necessary to reduce the ges
velocitles in the tail pipe below the values usually employed in
turbojet engines to prevent the pressure drop in the tall plpe,
caused by both the burning of the fuel and the drag of the neces-
sary burner parts, from becoming excessive. The engine is there-
fore provided with a diffuser between the turbine discharge and
the tall-pipe-burner inlet. An adjusteble-area exhaust nozzle is
also required to permit the engine to operate et rated turbine-
inlet temperature over a range of sxhaust-gas temperatures.

Engine Performance

In addition to the factors that aeffect the performesnce of
turbojet engines, the principal parameters determining the perform-
ance of the turbo-ram-jet engine are the temperature rise and the
veloclty of the gases in the tail pipe. Their effect is illustrated
in figure IV-2 in which net thrust per unit necelle frontal area is
plotted ageinst the exhaust-gas temperature for various values of
the gas veloclty at the tail-plpe-burner inlet. These curves are
based on the performance of an engine fitted with a tall-pipe burner
having a total-pressure drop due to frictlon of 0,4 times the
dynemic pressure st the burner inlet and a turbine-dischargs dif-
fuser efficlency of 75 percent. The calculations are also based on
flight conditions of 500 rmlles per hour at sea level although the
same general trends would be obtained at any other flight condition.

When the velocity in the tall pipe 1s high, a sonic limit is
reached beyond which it is impossible to add heat to the gases and
8till maintain constant engine condltions., The limlting tempera-
ture for the lower gas velocities is obtained when the over-all
fuel-air ratio is stoichiometric (0,087). The rate of increase in



32 NACA TN No. 1349

englne thrust with gas temperature is greatest when the gas veloclty
is low because of the attendant lower momentum-pressure drop

(fig. IV-2). The importance of the pressure drop in the burner is
ovident from the considerable gains in thrust which may be realized
by reducing the velocity. For all subsequent calculations, the
diameter of the tail pipe was assumed equal to the diameter of the
engine, which provided a burner-inlet gas velocity of 100 to 400 feet-
per second depending on the flight speed end the altitude.

The varlation of net thrust per unit nacelle: frontal area with
flight spesd at altlitudes of sea level, 30,000, and 50,000 feet 1s
shown in figure IV-3 for exhaust-gas temperatures corresponding to
stuichiometric fuel-air ratio. The same component efficlenciles end
the alr-handling capacity were assumed for this engine as for the
turbojet engine discussed in part III of this report and the com-
presgor pressure ratlo that provided maximum thrust was used. Each
polint on the curves therefore corresponds to a different slze englne.
Because the exhaust-gas temperature is approximately constant, this
optimum pressure ratlio 1s obtained when the turbine-discharge pres-
sure ls at maximum, The optimun pressure ratio for this engine is
conslderably higher than for the turbojet engine and ite variation
with flight speed end altitude is presented in the upper part of
Tigure IV-3. For zero flight speed at sea level, the optimum
pressure ratlo is about 12 and decreases with increased flight
gpeed to d valus of 1 at approximately 1800 miles per hour. At
an-altitude of 50,000 feet, the optimum pressure ratio is about
twice that at sea level, The temperature at the tail-pipe-burner
outlet was obtained from the thermodynamic charts of reference 1
and both -friction- and momentum-pressure losses.in the tall pipe
were included in the calculations. A completely.expanding exhauat
nozzle was asgumed for all conditions that required. an exit area
equal to or less than the englne frontal area. Where an exit ares
greater than the nacelle frontal area wag requlred for complete
expansion, a nozzle having an exit area equal to the nacelle
frontal area wae used,

The net thrust increases rapidly with flight speed, par-
ticularly in the high-speed range, and decreases as the altitude
1s increased (fig. IV-3). The flight speed at which the optimum
pressure ratio becomes equal to 1.0 1s indicated by the dashed
limit line, "At this point, the turbo-ram-Jet engine is obviously
equivalent to a ram-Jjet engine., The net thrust of the turbo-ram-
Jet engine, for stoichiometric fuel-air ratio, is from 100 to )
200 percent greater than that of the turbojet engine, the differ-
ence Iincreasing with Increased flight speed, end reaches a value
of about 10,000 pounds per sguare foot of nacelle frontal area at
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a gpeed of 1800 miles per hour at sea level. At an altlitude of
50;000 fest,.the net thrust is about 20 percent of the thrusi
produced at sea level,

The net thrust per unit nmacelle frontal area for an over-all
fuel-air ratio of 0.045 is shown in figure IV-4. This over-all
fuel-alr ratio was found to provide the greatest range for all -
flight conditions presented, The values of net thrust obtained
for this fuel-alr ratio are Lxrom 80 to 87 percent of the values
shown in figure IV-3 for stoichiometric fusel-air ratio. The net
thruet minus the drag of theé englne nacelle ie shown by the dashed
lines in figure IV-4, At a flight speed.of 1800 miles per hour at
sea level, the engine produces a thruat of about 7000 pounds per
square foot of nacelle frontal arees after the nacelle drag has
been subtracted from the engine net bthrust. . This value of -thrust -
is reduced to approximately 1600 pounds per sguare foot of nacelle
frontal area when the altlitude is lncreassd to 50,000 feet.

The net thrust specific fuel consumption 1s shown in fig-
ure IV-5 for the eame range of flight speeds and altibudes. A
combustion efficisncy of $5 percent wae assumed for the primary
combustion end 90 percent for the secondary or tail~pipe com-
bustion. Velues of specific fuel consumption are shown for effec-
tive fusl-alr ratios of stolchiometric and 0.045. These effgctive
fuel-air ratios represent the amount of fusl that 1s burned in the,
engine; the actual fuel-air ratios are higher than these effective
values because of the combustion inefficiency.

For both fuel~alr ratios, the specific fuel consumption
increases with flight speed at all altitudes and decreases as the
altitude is increased. At an altitude of 50,000 feet, the spe-
cific fuel consumption for a fuel-air ratio of 0.C45 increaaes
from sbout 1.8 pounds per hour per pound of net thrust st very low
flight speeds to about 2.2 at 1800 miles per hour. Besed on thrust
"horsepower, the specific fuel consumption reaches a minimum value
of about 0.45 pound per thiust horsepower-hour at a speed of
1800 miles per hour end an altitude of 50,000 feet, A comparison
with the turbojet engine shows that the specific fuel consuzption
of the turbo-ram-jet enging is roughly twice that of the turbojet
. engine at low flight speeds and about 1l times as large at high
' flight speeds

The net thruet per unit engine welght is shown in figure IV-6
for the same range of flight conditions and for an over-all fuel-~
air ratio of 0.045. The weight of the turbo.-ram-~jot engine was
based on the weight of current turbojet - enginegs with adJjustments
for changes in weight with compressor pressure ratio and plus the
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estimated weilght of the tail-pipe burner. The weight adjustments
for compressor pressure ratlo were based on varying the welght of
the compressor and the turbine in proportion to the logerithm of
the pressure ratio. For flight conditions that resulted in high
~ Internal pressures, sufficlent additional welght for an engine cas~-
ing and tall pipe was Included to provide satisfactory hoop stresses.
The net thrust per unlt englne welght increases repldly with flight
speed, particularly at the higher altitudes, because of the simul-
taneocus increase in engine thruet and decrease in englne weight as
the compressor pressure ratic 1s decreaged. AL static sea-level
conditions, the turbo-ram-~-jet engine delivers approximetely 3 pounds
of thrust per pound of engine weight, which increases to approxl-
mately 23 at 1800 miles per hour.

Load -Range Characteristics

~ Subsonic flight speeds, - In figure IV-7(a), the dilsposable
load per airplane gross wolght is plotted against the fuel consump-
tion per gross weight for subsonic flight speeds. An airplene 1lift-
drag ratio of 18 was used for the computations of these data. The
engine thrust and specific fuel consumption for both this and all
subsequent flgures were obtained from figures IV-4 and IV-5, respec-
tively, that is, for an over-all fuel-air ratio of 0.045., The dis-
poseble load per gross weight decreasses with increased altltude and
is nearly independent of flight speed. The fuel rate per gross
ailrplane weight, however, decreases rapidly with increased flight
speed and decreases slightly with increased altitude, A maximum
value of the factor K X rénge of &bout 2750 miles is indicated
for the alrplane characteristice assumed for this enalysis. After
application of the X factor, indicated on the left side of the
figure, an actual range of about 3800 miles ls obtained. This maxi-
mum range is obtained at a flight speed of 550 miles per hour and
an altitude of slightly over 30,000 feet.

If the wing loading is limited to & maximum of 80 pounds per
sguare foot, the load-carrying capacity and rate of fuel consump-
tion per gross weight shown in figure IV-7(b) is obtained. For
low-altitude and high-speed flight conditions, the load-carrying
capacity is slightly reduced fram the values obtained at maximum
lift-drag ratio and the fusl consumptlon is greatly lncreased.
Thus, whereas the meximum range is nearly independent of altitude
for maximum lift-drag ratio, the advantages of high-altitude flight
are clearly evident when the wing loading is flxed. For example,
at a speed of 550 miles per hour, the K X range is increased from

660 to 2700 miles as the altitude is increased from sea level to
50,000 feet. : :
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The ailrplane flight characteristics showd in figure IV-7(b) .
are reproduced in figure IV-8 together with the corresponding plots
for the compound, the turbine-propeller, and the turbojet engines.
The turbo-ram-Jjet engine provldes a slightly greater disposable
load than the turbojet engine at the siapense of a greatly increased
fuel rate, The maximum range for the turbo-rem-jet engine is gbout
75 psrcent es large as for the turbojet englne,

The principal field of epplication of the turbo-rem-jet engine
at subsonic speeds is therefore as a short-duration thrust-
augmentation device, By merely shutting off the fuel flcw to the
tail-pipe burner and reducing the exhaust-nozzle area, thls engine
becomes essentially a turbojet engine. Ey this means, the inherent
high thrust of the turbo-ram-jet engine maey be used for teke-coff
and climb and the lower fuel-consumption characteristics of the
turbojet engine becoms availsble for crulsing conditions.

Supersonic flight qpeeds; - A plot of alrplane load-carrying
capacity and rate of fuel consumplion per gross ailrplane weight
for supersonic flight conditions is presented in figure IV-9, The
rapid increase in the net thrust of this engine with flight speed
results in an increase in load-carrying capaclty with an increase
in flight speed for all altitudes, The fuel consumption per gross
airplane weight decreases considerably at all flight speeds as the
altitude is increased., These characteristics ceuse the maximum
range to occur at the highest speed and altitude considered. This
maximum initial range, which occurs at 1800 miles per hour and
50,000 feet altitude, is about 1900 miles.

The combined frontal area of the englnes aseumed for the com-
putations of tais plot was the same as for the turbojet engine,
that 1s, 12.5 square feet. The gross weight of the airplane for
this engine size for each altitude and flight speed consldered is
given in the following table:

Altitude 6 [ 30,000 50,000
(ft)
Gross weilght
Flight spee (1v)

(mph)
1000 47,700| 44,600 | 26,500
1500 83,500| 93,300 | 57,100
1800 116,300 {133,400 | 84,500

A ]
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In order to lllustrate the effect of ailrplane gross weight on the
flight range, the computations were repeated for different engine
slzes providing gross weights of 50,000 and 200,000 pounds at a
speed of 1800 miles per hour at 50,000 feet; the results are
Inciuded in figrve IV-9, The disposable load per airplane gross
welght 1is nearly independent of the gross weight of the airplane
and the range is reduced about 20 percent as the gross airplane
weolght is reduced from 200,000 to 50,000 pounds .

The load-range characteristics for the turbo-ram-jet engine
are compared with the turbojet engine in figure IV-10, For super-
sonic flight conditlons, where the airplane drag is very high, the
high thrust of the turbo-ranm-Jjet englne provides a greater load-
carrying capacity then the turboJjet engine and has about the same
fuel consumption. This greater load-carrying capacity-of the
turbo-ram-Jjet ongine 1s primerily a result of the greater thrust
per engine welght than provided by the turbojet englne because
the exheaust-gas temperatures are not limited to a maximum turbine-
inlet temperaturs of about 1500° ¥, Based on the asgunptions of
this analysls, the maximum range of an airplane powered by a
turbo-ram-Jet engine at 1800 miles per hour is sbout 60 percent
groater than that provided by the turbojet engline at a speed of
1400 miles per hour, The turbo-ram-Jet engine therefore provides
both a greater range and a greater load-carrying capacity than the
turbojet engine for supersonic speeds up to 1800 milee per hour
vhere 1t becomes equivalent in operation to a ram-Jot engine,
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V - THE RAM-JET ENGINE
Description

The ram-jet engine (fig. V-1) consists of a diffuser in which
_the alr is compressed from free-stream statlc pressure to a pres-
sure somswhat lower than free-stream total pressure, a combustion
chamber in which fuel is burned ard an exit nozzle through which
the gases expand.

Engine Performance

For this analysis, the three most important criterions for
evaluating the performance of aircraft engines are: efficiency or
fuel economy, thrust per unit engine frontsl area, and thrust per
unit engine welght. The efficlency of the ram-Jjet engine, like
that of all heat engines, increases with compression ratio. A%
subsonic flight speeds, the ram compression is so low that the ram
Jet cannot compete with other engines except perhaps where engine
cost and simplicity are of great importance. At supersonic flight
speeds, however, the ram compression is considerable and high
efficiencies are obtalnable. Because of the simplicity of the
engine, the ram Jet develops greater thrust per unit weight than
the engines previously discussed except at low flight speeds. The
thrust per unit frontal area increases both with efficiency and
air flow through the engine; therefore, much greater values of
thrust per unit area are obtainable at the higher alrspeeds. The
best performance of the ram-Jjet engine is therefore obtained at
high flight speeds.

The variation of net thrust per unit engine fronfal area and
‘net thrust specific fuel consumption with fuel-alr ratio and
combustion-chamber inlet velocity for a ram Jet burning gasoline
is shown in figure V-2 for a flight speed of 1150 miles per hour
at sea level (Mach numbsr, 1.5). The date shown are for a combus-
tion efficiency of 100 percent. Underexpanding exit nozzles have
been used in the calculations where use of a completely. expanding
exit nozzle would have resulted in a larger exit area than
cambustion-chamber eres. The performance at combustion efficiencies
other than 100 percent may be obtained by dividing the fuel-aixr
ratio and specific fuel consumption shown in-figure V-2 by the.
actual combustion efficiency in order to determine the actual fuel-
alr ratio and specific fuel consumption. In general, the thrust
per unit engine frontal area increases with increasing fuel-air
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ratio and combustion-chamber veloclity up to the choking line. The
best fusl economy for any particular thrust per uailt engine frontal
area ig obtained at a combustion-chember inlet velocity slightly
lower than would be required for choking in the combustion chamber.
The specific fuel consumption, of course, decreases wlth decreasing
thrust per unit frontal area. Inasmuch as the exit area 18 equal
to the combustion-chamber area near the choking line and the dif-
ference betwsen the inlet area and combustion-chamber area is small
compared with that at lower combustion-chamber velocitles, the
external pressure drag will also be comparatively low. The region
Just to the left of the choking line is therefore the ragion of
optimum performsnce for the ram Jet at a flight—Mach number of 1.5.
The maximum thrust per unit engine frontal aree obtainsble is
approxirately 300C pounds per equare foot, which is about 20 percent
lower than that obtainable with the, turbo-ram-Jet engine at the
seme speed and altitude. The fusl consumption at meximum thrust is
about 3.3 pounds per hour per pound of thrust, which is about

23 percent above the fuel consumption of the turbo-ram-Jet at a
Tlight—=speed of 1150 mlles pexr hour.

The varlation in net thrust per unit engine frontal area and
fuel consumption with fuel-alr ratio and combustion-chember veloclty
for a higher flight speed (2300 mph at sea level; Mach nmumber, 3.0)
is shown in figure V-3. The highest thrust is obtained at a
combustion-chamber inlet velocity of 325 feet per second, which
corresponds to the point at which the inlet area is equal to the
combustion-chamber area. Increasing the combustion-chamber inlet
veloclty beyond this point resulte in an inlet area larger than
cambustion-chamber area, with a consequent dscrease in thrust per
unit engine frontal area. For any particular value of thrust per
unlit -frontal area, the lowest fuel consumption ie also obtalned at
& combustionschamber inlet velocity of 325 feet per second. The
external pressure drag 1s zeroc for this case because the inlet
arsa, combustion-chamber ares, and outlet area are all equal. At
this flight speed, the optimum operating region is well awsy from
the choking line. The maximum thrust per unit engine frootal area
la extremsly high, approximstely 22,000 pounds per square foot.

At thrust values somewhat lower than maximum, fuel consmumptions of
about 2 pounds per hour per pound of thrust corresponding to approx-
imately 0.33 pound of-Ffusl per thrust horaepower-hour are obtalnable,
which indicates that the engine is operating very efficiently at
this flight spesd.

The variation in maximum net thrust per unit engine area with
flight speed and altitude 1s shown in figure V-4, These data were
calculated for an actual fuel-air ratio of 0.067, & combustion
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efficiency of Q0O percent, optinum combustion-chawber inlet wvelocity,
and undersxpanding exit nozzles. The thrust incrsases rapidly with
flight spsed and decreases with increasing-altitude. As pointed out
in the discussion of-filguvre V-3, extremely high thrusts per unit
frontal area are oblainable at high speeds at sea level.

Figure V-5 showe the thrust specific fuel consumption corre-
sponding to the thrusts given in figure V-4. The fuel consumption
decreasses with increasing flight speed up to a speed of 2400 miles
Per hour. The fuel consumption also decreases with increasing alti-
tude up to the tropopause (epproximately 35,000 £t), above which it
remains essentlally constant. At very high altitudes (above
100,000 £%), the fuel consvmption will again vary with altitude
because of the wvaristion in za,mbf'.ent--ai‘n tempsrature with altitude
at these heights. .

Load -Range Characteristics

The assumptions used in the analysis to evaluate the effect of
altitude and flight speed upon the range of ram-jet-powered aircraft
are outlined in the appendix. The type of aircraft considered has
a ram-Jot engine located at each wing tip and the fuel is stored in
the fuselage. It was assumed that the combined frontal area of the
two englnes was 12.5 squaré feet. A combustion efficiency of
90 percent and the optimum combustion-chamber inlet velocity were
also assumed. Performance curves similar to those shown in fig-
ures V-2 and V-3 were used to obtain operating points giving the
longest range for the specified flight speed and sgltitude. In
generel, it was found that for the assumption used, the best ranges
were obtained at fusel-slr ratios from 0.03 to 0.05 and combustion-
chamber inlet velocities from 180 to 400 Feet per second. :

The thrust per unit engine frontal area, the thrust minus
engine drag per unit enginé frontal area, the net thrust specific
fusl consumption, and the thrust.per unit engine weight meed in.
computing the ranges are shown in figure V-6 In estimating the
engine weighte, it was assumed "that the engine length-diameter
ratio was 8 and skin thicknesses necessary to provide reasscnable
hoop stresses were calculated. At low flight apeeds and high alti-
tudes where the required skin thicknesses gave an engine weight
lower tham TOO pounds for a frontal area of 12.5 sguare feet, an
engine welght of 700 poundg was usged.

The ratio of disposable load to gross weight and the initial
fuel rate per mile psr ton gross welght is shown in figure V-7 for
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a range of flight spee9ds from 1000 to €500 miles per hour and alti-
tudes from ses level to 100,000 feet. A K X range scale and
broken guide lincs indicating the location of the origin are marked
for convenience in estimating the range. It may be seen that the
range increases with altituds and increases with flight speed up

to 2000 miles per hour. At an altitude of 50,000 feet, the rangc at
2500 miles per hour is somewhat lower than that at 2000 miles per
hour; whereas, at an altitude of 100,000 feet, the ranges at these
two flight speeds are approximately the same. At altltudes lower
than 50,000 feet, the range at 2500 miles per hour was found to be
appreclably lower than that at 2000 miles per aour. Although the
engine efficiency and thrust per unit engine frontal area lncrease
ag the flight speed increases from 2000 to 2500 miles per hour, the
improvepent in engine performance 1s too small to offset the
increased power required for flight at the higher flight speed.

At a flight speed of 2000 miles peir hour, the range increases from
500 miles at'sea level to W00 miles at an altitude of 100,000 feet.
The large increase in range with increasing altitude occurs becauee
of the lower airplane drag et the higher altitudes due to the

lower gir density.

The airplane gross weights calculated for the various flight
conditions shown in figure V-7 ere given in the following table:

Altitude{ ~ O 30,000.{ 50,000 {100,000
(£t) .
Flight speed Grosg welght

{(mph) \\\\\ (1b)
1000 26,000} 20,000 {11,700 |~mn==w-
1500 73,000| 63,200 | 40,800 |-===nn-
2000 - 1155,000({123,200 {81,000 | 12,000
2500 , feeeeeee|emeene- 75,600  1k,T00

The effect of varying the airplamne size upon the range has been
inveatigated for a flight speed of 2000 miles per hour and sn altl-
tude of 50,000 feet. The airplane gross welght for the case orig-
inelly calculated for this flight condition (engine frontal area,
12.5 sg £t) was 81,000 pounds. It was found that by increasing the
gross weight from 81,000 to 200,000 pounds the range wae increased
about 15 percent. A decrease In gross weight to 50,000 pounds
decreased the range about 5 percent. :
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The flight speed giving the longest range shown in figure V-7
(2000 mph) is replotted in figure V-8 to give a comparison with the
turbojet and turbo-ram-jet engines. The renge obtainable with the
ram jet at 2000 miles, per hour and 50,000 feet is somewhat greater
than thet obtainable at supersonic speeds st this altitude with
either the turtojet or the turbo-ram-Jet engine, and is closely
approached by the turbo-ram-jet engline only at the higher £light
speed (1800 mph) where the turbo-ram-Jet engine is operating essen-
tially as.a ram Jet because of the low compressor pressure ratio
at this flight speed. If keromene had been used as the fuel in
the ram-Jet calculations, as was done for the turbo-ram~jet engine,
the range at 2000 miles per hour and 50,000 feet would have been
approximately 5 percent greater than that shown in figures V-7 and
V-5 due to the greater denaity of the kerosens.
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VI - THE ROCKET ENGINE

In this section of the report, the rocket power plant 1s briefly
described, some of the performance parameters are discussed, and the
use of this power plant in two of 1ts many applications is considered.
The first case to be considered ie that of the rocket-powered pro-
Jectile; the second case is the use of the rocket nower plant in
an airplans.

Dsscription

The rocket-propulsion system 1s probably the oldest and simplest
prosulsion system recognized. The rocket carrles oxldant in addition
to frel and thus has the unique characteristic of being entirely
indspendent of the atmospherse for operation.

The rocket power plant comprises essentially a rocket engine,
congisting of a combustion chawmber and a nozzle, and a propellant-
(fuel plue oxidant) supply system. The propellant-supply system may
either be contained wholly within the combustion chamber (for example,
as g s0lid material such as used in ordinary pyrotechnic skyrockets)
or the system may consist of propellant tanks, valves, controls,
injectors, and a pressurizing or a pumping system such as would be
required for using liquid propellants. An example of a rocket power
plant using liquid propellants, which is the tyse discussed in this
part of the report, is the well-known German V-2 rocket power plant
in which liquid oxygen and alcohol were supplied to the combustion
chamber by means of high-pressure pumps.

Performance Parameters

The rocket-pronulsion principle is dilagrammatically illustrated
in figure VI-1. In ‘the combustion chamber of the rocket engine, the
pronellants react either spontansously or after sultable ignition,
releasing large amounts of heat energy and generating high-tempera-
ture gases at a high rate. By expanding the high-temperature gases
through the nozzle, a portion of the heat energy liberated in the
‘combustion chamber is converted into kinetic energy of flow. The
reaction to the momentum of the eJjected gases results in the thrust
that propels the rocket or

=

F ==y | (1)
e
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where

F thrust, pounds

wp mass rate flow of propellant, pounds per second
& conversion factor, 32,2 pounds per slug

u effective exhaust velocity, feet per second

Theoretically the effective exhaust velocity differs from the
exial veloclty at the centar of the nozzle exit by a factor that
corrects for the angle of divergence ¢ of the nozzle and a nressure
correction term that allows for any difference exlsting between the
exit and ambient pressures. - For divergence angles below about 15°
and for small differences between the mnozzle exit and ambient pressures,
the effectlve exhaust velocity is theoretlcally within a few percent
of the axial velocity.

The specific impulse I, which 1ls one of the primary rocket-
engine. performance parameters, is defined as

F
Ve

and is, of course, equal to u,/g.

The specific impulse is the reciprocal of the thrust specific
propellant consumption, in units of seconds; therefore, for low
values of specific propellant consumption, obviously high values
of specific ilmpulse are desired. ..

BEquations (1) and (2) show that the thrust may be increased
either by increasing the mass rate flow of propellant, which usu-
ally requires increasing the size of the rocket, or by increasing
the effective exhaust velocity. The effective exhaust veloclty or
syecific impulse is essentially a measure of the heat energy avail-
able for conversion into kinetic onergy of flow and the efficiency
of tho conversion.

The thearetical relation for specific impulse derived on the
basls of perfect gas lawsz and an isentropic erpansion through the
nozzles to amblent pressure is
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—

2L
7
-é-Mi Ly |1 - (p3/e1) (3)

where
R universal gas constent, 1545 foot-pounds per pound-mole per R

T, combustion temperature, °R

M molecular welght of products of combustion

v4 ratio of specific heats

p] combustion-chamber pressure, pounds per square inch
Pz nozzle-exlt pressure, pounds pey squars inch

Equation (3) indicates that to obtain high values of specific
impulse the following properites would be desirable: bhigh combus-
tion temperatures, low molecular weight of the gases, high combustion-
chamber pressures, low nozzle-exit pressures, and low ratios of spe-
cific heat, Ths effect of these factors on specific impulsge are
shown in figure VI-2. Values of the quantity

2=1

2y -
A= 1 (p3/p1)
are shown plotted against pressure ratio Py /p«. for several values
of ¥ 1n figure VI-2{(a). Values of the theore%ical specific impulse

I are shown as a function of Tl/M for seversl values of A. The
value of A increases with pressure ratio but the rate of increase
is greatly reduced at the high pressure ratios. The valus of A
also lncreases with decreasing values of -~ 7. Appreciable increases
in specific impulse can he realized by increasing the value of

Tl/M and, of course, the specific impulse incresses with increasing
values of A.

The V-2 rocket engine operated with a chamber pressure of approx-
imately 300 mounds per square inch (sea-level pressure ratio, 20) -
and & value of Ty/M. of about 250° R resulting in a theoretical
specific impulee of about 245 pounds-seconds per pound.
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In figure VI-3, theoretical values of speciflc impulse I and
the product I3 of specific impulse and density of propellant are
compared in a bar graph for several of the well-known liquid propel-
lants at a pressure ratio of 20, The values of T represent thrust
per unilt weight flow and the values of I3 represent thruat per

unit-voluwne flow. The comparison of the values of Ig 1s important
from the standpoint of the size of the propellant. tanks required

and 1lts effect on the weight and drag of the tanks., Thus, from this
consideration hydrogen-oxygen, with a theoretlcal value of I of
about 350 pounds-seconds gper pound is probably not better than the
alcohol-oxygen mixture because of the low value of Iy for hydrogen-
oxXygen, .

Other factors, of course, have to be considered in the selectlon
of a rocket propellant, among which are availabllilty, cosb, handling,
and storage characteristics.

Rocket~Powered Projectile

The firat application of the rocket power plant considered is
the rocket-powered projectile. By far the greatest part of the
range of & projectile, unlike an alrplane, 18 covered in free flight
(coasting after the end of power). The calculation of the range of
a proJectile involves a definite flight plan and & large mumber of
detalls. In order to illustrate the effect of scme of the variables
on the maximum renge of a projectlle on the earth's surface, however,
the problem may be gimplified by assumling a ballistic trajectory
(negligible burning time), and by neglecting the drag of the projec-
tile. Figure VI-4, based on these assufiptions, shows values of specific
impulse I plotted against the velocity of the proJlectile at the end
of power for four ratios of the propellant weilghtto the gross weight
of the projectile., Imcluded in this figure 1s an approximate scale of
the maximum range of the proJjectile on the sarth's surface. Filgure VI-4
shows that the range increases with about the squars of the specific
impulse, that is, increasing the specific impulee by SO percent practi-
cally doubles- the range. This factor serves to illustrate further
the importance of increasing the specific impulde., The fact that the
range of the proJjectile varies with about the square of the specific
impulse 1s an esgential difference between a projectile and the alr-
plane to be considered, for which range varies with about the first
power of specific impulsse.

Large increases in range can alsa he realized by increasing the
ratio of propellant welght to gross weight. A limit exists, however,
on the value of this ratio that can be attained with a single rocket.
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The V-2 rocket with may load, for examnle, had & propellant to gross
welght ratio of about 0.85. A possible method for increasing, in
effect, this ratio is the step-rocket in which two or more rockets are
Joined as a unit. The vockets are arranged to burn counsecutively and
each step is discarded when exhausted of power. " With step-rockets
and avallable pronellants, the velocity of the final step at the end
of power could be about 5 miles ver second or 18,000 miles per hour,
which as indicated in figure VI-4 would permit flight to any point on
the earth's surface or would permit embtablishing a permanent orbit at
the earth's swface. With a velocity of approximately T mlles per
second or 25,000 miles per hour, the final step would escape from.
the earth's gravitational field.

Rocket-Powered Airplane

In the secornd case of the application of the rocket power plant,
a rockebt-powered airplane is considered. The general assumptlons
made concerning the airplaue in the previous parts of this report
and listed in the appendix were followed. The V-2 rocket engine and
the following actual avallable data (reference 2) for this engilne
were used:

Specific impulse, pounds-seconds per pound . . . . . . . . . ,'21l8
Sea-level thrust, pounds . . . . . . . . . .. . . . . . . 60,000
Fngine weight, poundd . . & v « « ¢ 4 + o o ¢ o ¢ « « o s « 2235
Meximm engine diameter, feet . . . . . . . « i %V . v « . . 3.11

In figure VI-5, the thrust per unit engine weéight is shown
plotted against altitude for the V-2 engine for the actual specif*c
impulse of 218 pounds-seconds per pound and a curve for a specific
impulse of 300 pounds- seconds per pound is included for comparison.

At e given altitude the thrust of the rocket engine, unlike the

engines discussed in the provious parts of this report, 1s essentially
constant and independent of flight speed. The thrust increases slightly
with altitude as a result of the free expansion of the gases from the
exit pressure to the lower ambient pressure at altitude. - The thrust

per unit engine weight ranges from about 27 to-31 pounds per pound

for a specific impulse of 218 pounds-seconds per pound. These values
compare with the followlng spproximate valuyes for the engines dis-
cusged in the previous parts of this report onerating at conditions

for best range:
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Thrugt per wit——
Engine engine welght
(1b/1b)
Compound 0.6
Turbine propeller .7
Turbo jet 2.3
Turbo~-ram Jet 7.5
Ram Jet 8.5

It 1s thus apparent that the thrust per unit engine weight-for the
rockot is appreciably higher then that for any of the other engines.

By increasing the specific impulse by approximately 37 percent,
up to a valus of 300 pounds-seconds per pound, tho thrust and the
thrust .per unit—engine weight of the rocket would be increased by an
equal percentage. ) . _ - :

The thrust per unlt engine frontal area and the thrust specific
propellant consumption for the rocket engine are plotted in figure VI-6
as a function of altitude for specific impulses of 218 and 300 pounds-
seconds per pound., The thrust per unit engine frontal area (fig.vVI-6(&))
for a specific impulse of 218 pounds-seconds per pound ranges from
ebout 8000 to 9000 pounds per square foot, as compared with the follow-
ing values for the englmes digcussed in the previous parts of.this
report operating at conditions for best range:

Thrust per unit
Engine engine frontal area
(1b/sq £1)
Compound 230
Turbine vropeller 265"
Turho jet 415
Turbo-ram Jet =~ . - - 1800 ..
Ram Jet ’ 2000

The appreclabdbly larger value of thrust per unit engine frontal
ares. for the rocket is Indicative of ite compactness. This compact=
ness, the large thrust per unit engine welght, and the simplicity of
the rocket engine constitute some of the primary advantages of the
rocket. These advantages, however, are obtained at the cost of a
relatively high thruset specific propellant consumption, as shown in
figure VI-6(b) because the rocket carries its entire working mass. The
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thrust specific propellant consumption shown for the V-2 engine
ranges from approximately 16.5 at sea level to 14.5 pounds per hour
per pound at the higher aliiltudes, compared with the following values
Tor the other englnes operating at conditions for best range:

| Thrust specific

Engirne fusl consumption
(1b/(hr)(1b))
Compound 0.22
Turbine propeller .26
Turbo Jet - 1.8
Turbo-ram Jet 2.2
Ram Jet 2.0

The load-range characteristics of the rocket-powered airplane
are shown in figure VI-7. The disposable load in pounds per pound
gross airplane weight is plotted against the initial propellant rate
in pounds per mile per ton gross ailrplanse welght for several constant
altitudes and supersonic flight speeds. Also included in this figure
are a K X range scale and broken lines indicating the location of
the origin for convenience in estimating the range. This range,
unlike that for the proJjectile 1s, of course, only for the powered
flight, . '

Inasmuch as the diameter of the engine was less than that of the
propellant tanks (fuselage), it wae assumed that the engine could be
placed in rear of the fuselage end hence, the drag of the engine was
teken as zero. In addition, only the wave drag of the front of the
fuselage was used in calculating wave drag.

A% gea level, increasing the flight speed ranidly increases the
initial propellant rate and consequently decreases the range. A%t an
altitude of 100,000 feet, however, increasing the flight speed decreases
the initlal propellant rate gnd hence increases the range. At altitudes
between these values there 1s a transition in the effect of speed on
range. These differences in the effect of speed on range occur because
the predominant drag is from the fuselage at low altitudes and from
the wings at high altitudes. Foxr the conditions presented, the change
in the disposable load, as for the ram Jjet, is -small compared with the
other engines, o . : . :

At an sltitude of 50,000 feet and a flight speed of 2000 miles
per hour, a gross airplane weight of about 365,000 pounds was obtained.
" In order to illustrate the effect of gross weight on range this con-
dition was recalculated to give gross weights of approximately 200,000
and 50,000 pounds by assumming that the weight and the thrust of the
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engine varied with the square and the cube, resnectively, of the
engine diameter, The pointe are indlcated by symbole in figure VI-T.
It is shown that by changlng the grosa weight from 200,000 to -
50,000 pounds the disposable load is changed by a negligible smount
and the range is decreased by about 15 percent.

The following table lists the approximate values of gross alr-
plane weight for the various altitude and flight spead conditions
coneidered: - : =

Altitude o | 30,000 | 50,000 ,100,900 |

(£t) | : ’

Gross welght '

Flight speed (lb) |

(mph) : g
1000 ° . |234,500 {377,600 ;440,200 ;482,500

2000 $8,300 (249,000 |365,600 (474, 1200 |

2000 PN N 200,000% |-=-=--~ ‘

2000 = |eeeeeee femmnee 50,000° |-=mnnn- i
3000 46,700 {158,900 292,000 {462, 900
5000 ‘ 17,500 | 70,000 |177,300 434,900

8Wngine thrust, 40,000 1b; engine welght, 1550 1b.
Prngine thrust, 11,200 1b; engine welght, 670 1b.

The best operating condition shown for the rocket 1e a flight
speed of 5000 miles per hour and an altitude of 100,000 feetw At
this condition, the disposable load is 0.695 pound per pound gross
weight, the initial propellant rate is 0.91 pound per ton-mile gross
wolght, and the indicated range is 1387 miles

Comparison and Application

For purposes of comparing the rocket engine with the Jet englunes
discussed in the previous parts of this regort, conditions at a flight
gpeed of 3000 miles per hour and altitudees of 50,000 and 100,000 feet
were chosen for the rocket engine. The”comparison is shown 1n figure VI-8
for the rocket, the ram-Jet, the turbo-ram-Jet, and the turbojet engines
in a plot similar to that of figure VI-7. The disposable load is slightly
higher for the rocket than for the ram Jjet but the initlal propellant
rate has been increased with a consequent decrease in range. The rocket
englne therefore would have anplicatlions in high-speed, short=range
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airplanes where low engine welght, compactness, and simplicity of the
engine are at a premium and propellant consumption is a secondary
congideration. : | : :

In addition to the abllity of the rocket engine to provide pro-
pulsion outslde the earth's atmosphere, the rocket is unique in pro-
viding enormous smounts of thrust from a simple and compact unit, and
thus is appliceble in cases such as powering artillery-type projec-
tlles, missiles such as the V-2, and suxiliary power for airplanes,
pilotless aircraft, and missiles.
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DISCUSSION OF PCSITION OF SIX ATRCRAFT-PROPULSION
SYSTEMS IN SEEED-RANGE SPECTRUM

The thrust per unit engine frontal ares, thrust per mnlt engine
weight, specific fuel conswmpbion, load-carrying capacity, fuel-
consumption rate per ton-mile, and range for the various power plants
analyzed ave discussed in detall in the individual parts of this
report. In this section a recapitulation is made of the performance
of the various propulsion systems on the besis of their position in
plots of disposable load against fuel rate per ton-mile and range.
Each point in these ploss is a design point, that is, the engine is
assumed to be designed specifically for the operating conditions
corresponding to that point. o -

The disposable load per pound of airplane gross weight is plotted
against initial fuel rate ver ton-mile {based on gross weight of
airplene) in figure D-1 for subsonic flight. for two cases:

() Constant lift-drag ratio condition: A constant lift-drag
ratio of 18 for the airplene {minus nacelle) was assumed at all
flight conditions (fig. D-1(a)}). '

(b) Limiting wing-losding condition: A lift-drag ratio of 18
was assumed only for flight conditions for which the resulting wing
loading is 80 pounds per square foot or less; for other flight con-~
ditions, the value of the lift-drag ratio was reduced to give a wing-
loading velue of 80 pounds per square foot (fig. D-1(b)). The values
of 1lift-drag ratio for this case are shown in figure D-2.

The disposeble load in figure D-1 includes the weight of fuel
plus tenks and the pay-load welght. The values on the K X range scale
shown were.obtained by computing the ratio of the disposable load to
the initial fuel rate per ton-mile multiplied by a factor of 2000
pounds per ton to correct fqr the difference in units betwesn the
ordinate and sbscissa and divided by 1.1 to adjust the range for the
woight of fuel tapks. The factor K corrects for the variation in
fuel rate per ton-mile during the flight. It is defined as the ratio
of the average to the initial fuel rate per mile per ton of initial
gross welght. The value of X depends on the fiight plan and the
gross weight of the airplane at the start and at the end of flight.

Tt may be computed for a large number of-flight plans by means of
equation (A9) of the appendix. Illustrative values of K, determined
from the Breguet rangs equation (equation (Al3)) in which it is
assumed that the flight is made at a consbaut’ lift-drag ratio and con-
stant specific fuel consumption (1b/hp-hr), are shown by the curve

on the left side of figure D-1. From the abscissa of this graph, the
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value of X  corresponding to a value of the ordinate equal to the
ratio. of the fuel load consumed in flight to the initial gross welght
of the alrplane can be resd.

Illustrative curves are shown for the compound, the turbino-
propeller, the turbolet, ‘and the turbo-ram—jet engines. The curves
for the turbine-propeller and compoind englnes overlapped and to
avold confusion the pesrts of the curves of each engine were deleted
in the region where that engine gave lower disposable lcad than the
cther for the same flight speed and fuel rate per ton-mile. The max-
Imm range at sach operasting point is obtained when the total dils-
possble load ls assumed to be fuel. The value of K X range corres-
ronding to this condition is obtalned by drawing a straight line
through the origin and the desired flight condition to the K X range
scale. Such a line is illustrated in figure D-1(a) for the compound
engine at a flight speed of 200 miles per hour and sn sltitude of
30,000 feet. - It is noted tha®t for these conditions the value of
K X range 1is approximately T400 miles. By reading horizontally
from the value of the ratio of dispossble lacad to greoss welght, a
value of X of O.Th4 is obtained from the curve om the left side of
the figure. When this value of K is divided into X% range, 1t
gives the value of range of 10,000 miles. For a shorter range it is
poasible to carry a pay load and the division betwecn fuel and pay load
can be read from this figure. For ecxsmple, for a value of K X range
of 2000 miles, as illustrated in figure D-1l(a), the vertical distance
from the point corresponding to a desired flight conditlon to the
line that connects K x range = 2000 to the orlgin is the pay load
Per pound of gross welght, and the remainder of the vertical dlstance
tothe abscisea is the fuel load (inciuding tank) in pounds per pound
of gross welght. The value of X 18 determined from the left-hand
curve corresponding to this value of fusl load (including tank) per
alrplane gross weight. Fuel reserve for emergency must, of ccurse,
be deducted from the pay load. ¢

The sgtructural weight and the engine weight per unit of initlal
gross welight of the alrplane can also be read from figure D-1. The
distance from unity to 0.6 represents the structural welght per unit
gross welght because 1t was assumed In the preparstion of this chart
that the structural weight per unit gross weight was 0.4. The verti-
cal distance from the structural wveight 1line (0.6 ordinate in fig. D- 1)
to any desired operating point gives the value of the installed engine
weight (including propeller for the propeller-type engines) per unit
of airplane gross welght.

The effect of & change in the assumptions with regard to the
gtructural welght or the engine welght —c=n readlly be seen In this
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figure. For example, if the structural welight per unit gross welight
is decreased from 0.4 to J.3, the improvement is directly reflected

as an equal increase in disposable load, that is, each pcint in fig-
ure D-1 is raised by an amount of O.1.

The effect of a reduction in engine weight is introduced by
reducing the vertical distance from the operating point to the struc-
tural welght line (0.6 in fig. D-1) by an smount equal Lo the per-
centage reduction in installed engine weight. It 1s noted that for
the compound engine and the turbine-propeller engine a reduction in
welght at high flight speeds has & greater beneficial effect on the
range%of the eirplene than the seme percentage reduction in engins
weight at a low flight speed. The effect of a 40-percent reduction
in welght of the turbilne-propsller engine .(including propeller) at
a flight speed of 500 miles per hour is iliustrated in figure. D-1(b)
by the deghed curve labeled A, which was obtained by moving the
solid curve for 500 miles per hour for this engine vertically in the
nmanner Just described. ' :

The effect of a change in specific fuel consumption from the
values used in the preparation of figure D-1 can be introduced by
changing the abscissa values proportionally to the c¢hange in specific
fuel consumptions. The values of engine weight per unit thrust and
gpecific fuel consumptione used in the preparation of the summary
figures can be obtained from the indlvidual parts of this report.

The effect of a change in 1ift-drag ratlo 1/D (airplane minus
nacelles) can be indicated in figurs D-1 for any given operating
point by moving the point along a line passing through the operating
point and point X (lodated at the coordinates absclsse = 0, ordin-
ate = 0.6) on the basis that the distance of the operating point
from point X is invergely proportional to the value of L/D. The
pointe in figures D-1(a) and D-1(b) at the same operating condition
for a given engine therefore fall on a common'line paseing through
point X. _ _ S

The effect of change in the ratio xr of nacelle drag to engine
thrust can be indicated in a similar manner on the basis that the
distance from the operating point to point X is inversely propor:-
tional to 1 - r. For example, the effect of shifting to a completely
submerged installation (r = 0) can be obtained by moving the oper-.
ating point in figure D-1 toward point X & distance proportional to
the corresponding value of r used in the preparation of figure D-1.
The values of ¥ corresponding to the operating conditions of fig-
ure D-1 can be obtained from the curves in the individual pertse of
this veport. Points B, C, and D in Tigupe D-1(b) wére obtained in the
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manner Just-described and illvstrate the effect of a shift to a com-
pletely submerged installation for the compound, turbojet, and turbine-
propeller engines, respsctively, for the highest speed shown for each
of these engines at the best altitude, as shown in the following table:

Point | Engins tyve Speed, mph | Altitude, ft
B - | Compound ' 500 k0,000
C Turbine propeller S00 30,000
D Turbo jet 550 50, 000

The importance of submerging the engine for high-speed flight is
evident, ' ' '

Examinaticn of egquations {(A5) and (A7) reveals the basis for the
foregoing discussion on shifting the position of the curves in figure D-1.

For high flight speeds at low altitude, the condition of a con-
stent lift-drag ratio L/ of 18 (fig. D-1(a)) imposes wing loadings
far sbove the valuss currently used. The limited wing-loading condition
(fig. D-1(b)) is in some respects the more practical conditlon in that
it takes cognizance of the take-off and landing problems. It-should
be noted, however, that the performance shown in figure D-1(a) for the
constant 1lift-drag ratio consgidered is poesible even in the high wing-
loading range if special means are pravided for teke-off, such as take-
off from a mother ship at high speeds.

When flight speed is decreased or altitude is increased, a reglon
of operation is reached where the lift-drag ratio of 18 can be obtained
with a wing loading of 80 pounds per square foot or less. In this
reglon the curves of figure D-1(b) agree with the corresponding curves
of figure D-1(a). Outside of this region in the case of figure D-1(b),
the lift-drag ratio must be reduced to meet the wing-loading condition
with the result that a decrease in dlsposable load and increase in
Puel rate per ton-mile is obtained with respect to the corresponding
flight condition in figure D-1(a). The variation of the lift-drag retio
to meet the limiting wing-loading condition is shown in figure D-2.

The adverse effect of the wing-loading limitation increcses with
increase in speed and decresse in altitude. Hence, with the wing-
loading limitation it is necessary to fly at high altitudes to achleve

long renge at high speeds.: _ _ )

It is noted that of the engines considered the compound engine
provides the lowest fuel rate per ton-mile. The cruise performance
for this engine (engine speed, 2200 rpm; inlet-manifcld pressure,
L0 in. Hg sbsolute; fuel-air ratio, 0.063) was used in the preparation
of figure D-~1. The greatest range shown in figure D-1 for the compound
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engine occurs at modsrate~to-high altitudes and at the lowest speed
investigeted (200 mph). The disposabls load of the compound engine
decreases and the fuel rate per ton-mile increases as the flight
sneed 1g increased. TFor high flight speeds, it is thersfore neces-
sary to replace the ccmpound engine by a lighter and smaller
frontel-area engine per wnit thrust in order to restore the dis-
posable load to a high value. In the moderate altitude range { that
is, between 15,000 and 30,000 £t depending.on speed), the turbine-
propeller engine shows better performence than the compound engine
at all speeds (fig. D-1). This superiority in performance 1s the
rasult of the lower weight and smeller frontal area per unit thrust
of the turbine-propeller enuine at these altitudes.

Because of the reduction in power of the turbine-propeller
engine with increase in altitude, in contrast to the compound engine
(which is supercharged), the weight and the frontal area of .the
turbine-propeller engine per unit powsr exceed that of the campound
engine at high altitudes. At high speeds it is advantageous to
operate at high altitudes in order to obtain a high lift-drag ratio
of the airplane consistent with a limited wing loeding (fig. D-2).
Hence, because it maintains its power to high altitude, the com-
pound engine is capable of greater range than the turbine-propeller
engine at high speeds. (Compare for example, the curves for 500 mph
for the compound engine and turbine-propeller engine in fig. D-1(b)).

This analysis is based on a consideration of the weights and
performence of current engines and propellers. The turbine-propeller
engine is of recent development and large reductions in weight
per unit thrust may be achieved in the future. -Special propellers
may be developed that will provide higher -efficiency at high speed -
than the propeller used in this analysis. When these improvements
are realized the turbine-propeller engine may be suitable for
much higher speed operation than indicated in the present anelysis.
For example, the dashed curve in figure D-1(b) labeled A shows
the performance that. may be obtalned at 500 miles per hour if the
weight of the turbine-propeller engime (including propeller) is -
reduced 40 percent. This analysis is limited to a discussion of
the engines on the basis of present performance and weights, end
no attempt is made to predict such fubture possibilities. . :

For both engines utilizing propellers, the disposable load per
ton of gross weight decreases rapidly and the fuel rate per ton-
mile increases wilth an increase in flight speed. The fuel rate per
ton-mile for the turbojet engine, however, decreases with increase
in flight speed because of the attendant increase in propulsive
efficiency. For very high speeds (550 mph and higher), the range
with the turbojet engine for the limiting wing-loading condition
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(fig. D-1(b)) exceeda that for the engines utilizing propellers. As
compared. with the compound and turbine-propeller engines, the welght
and the- frontal area per unlt thrust of the turbojlet engine is low;
hence, the disposable load per unlt gross alrplane welght is high.
For short range operatlion at high speed, the load -carrying capaclty
of the turbojet engine_is therefore greater than for the two englnes
using propellers. -

In the case of the turbojet engilne with constant lift-drag ratilo
(fig. D-1(a)); the range is nearly independent of altitude; whereas
the range decreases rapldly with decreage in altitude with the wing-
loading limitetion 80 pounds per square foot (fig. D-1(b)). For a

‘ constant altitude of 30,000 feet, it.1s noted in figure D-1(b} that
ag gpeed is Increased the range first Increases, reaches a maximum
at a flight speed slichtly greater than 400 miles per hour, and then
decreases with further increase in fiight speed. The Ilncrease in .
range with flight speed up to the maximum renge is the result of the
Increased propulsive efficlency o the jet engline with speed. Maxi-
mum range occurs at the point at which the reduction in lift-dreg
ratio Introduced by the wing-loading limitation offsets the increase
in propulsive efficiency. The reduction in range with increase in
speed beyond this point is the result of the further reduction in
the lift-drag ratlo required to meet .the limiting wing-loading con-
dition., At an altitmde of 50,000 feet, the lift-drag ratlo of 18
does not result in the wing-loading limitation being exceeded at any
speed aver the rande shown and there is a progressive 1ncrease in
range with increase 1in speed.

The turbo-ram-jet engine provides a esmall increase in disposable
load with respect to the turbojJet engine again at the cost of an
appreciable increase .in fuel rate per ton-mile, with the result that
the meximum range is less than that of the turbojet engine. The
turbo-ram-Jjot engine can be converted to a turbojet engine merely by
shutting off the fuel flow to the tail pipe and adjusting the exit-
nozzle area. The tail-pipe burner can be turned on when boost power
is desiréd. The turbo-ram-jet engine shows a decrease in fuel rate
per ton-mile and an_increase of _range with increased flight spesed.

SR -

The results of the analysie at supersonic speeds for a turbojet
engine, a turbo-ram-Jet engine, a ram-jet engine, and a rocket engine
are summarized in figure D-3. In the case of supersonic flight, the
frontal area was kept-at a minimum. The fuselage volume was taken
as that sufficient to house. the disposable load on.the assumption
that the entire dispbéabla_load has the denisty of fuel; the drag of
the fuselage was computed in each case on this basis. The rocket
engine was assumed to be located in the rear of the fuselagp, whereas
the other engines were assumed to be housed in ssparate nacelles in
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the wing and the drag of the nacelles was taken into account. The
wing was assumed o have a comstant lift-drag ratlo of 7. The ratio
of the structural weight to gross weight was taken as 0.3.

The maximum range, as in the previous figures, is cbtained by
drawing a straight line from the origin through the operationsl
point desired to the K X range scale. The valus of -K. for the
supersonic airplanes is cloge to unity (between 0.9 and 1.0 for -
most points in fig. D-3) because the wing drag in the range of con-
ditions shown is small compared with the sum of the fuselage and
nacelle drag; hence, there is little change in drag of the airplane
with consumption of fuel and little change in the fuel rate per
mile experienced during a given flight. For any range less than the
meximum range, the pay load ¢an be determined in the menner described
in the discussion of figure D-1. The structural welght and the
engine weight can be read fram figure D-3 in the manner described
for figure D-1. The remarks on the determination of the effects of
variation of structural weight and engine weight made in connsction
with figure D-1 are approximately true for figure D-3.

For the turbojet engine, the fuel rate per ton-mile decreases
with increase in altitude, but does not change greatly with speed
for a constant altitude for the range of conditions shown in fig-
ure D-3. The disposable losd, however, increases with speed. For
each point in figure D-3, the pressure ratio of the turbojet engins
was taken as that value which gave the maximum thrust per unit air
flow. The compressor pressure ratio decreased with increassed gpeed
and approached the value of 1.0 at 1400 miles per hour. At this
speed the turbojet approached a ram Jet in operation; however, the
combustion-chamber temperature limit was maintained at 1540° F.-

In the turbo-ram-Jet englne by burning additional fuel in the
tail pipe to temperatures much higher than 1540° F, it was possible
to obtain considerably more thrust per unit engine weight and hence
the disposable load incrsased over that of the turbojet. Im this
engins the compressor pressure ratio was likewlse chosen to give
meximum thrust per unit of gir flow and decreased with increase in
flight speed. The compressor pressure ratio epproached a value of
1.0 at a flight speed of 1800 miles per hour and at this speed. the
turbo-ram-Jjet engine spproached a ram jet in operation.

In the case of the ram-jet engine, the rangs increased with
increase in flight speed and altitude for conditions investigated.
A number of flight speeds and altitudes are considered in the sec-
tion on the ram Jet. In order to avoid confusion, only one flight
speed (2000 mph) is shown in figure D-3; the location of the points
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at 30,000 and 50,000 feet are indicated. It is noted that the ram-Jet—
engine gives better performance than the turbo-ram-jet or the turbojet
engine and is approached by only the turbo-rem-jet sngine when that
englne approaches e ram Jet in operaticn, that is, when the compressor
pressure ratio apprcaches 1.0. The ram-jJet epngine has the disadvantage
that at teke-off the thrust %18 zero. The turbo-ram-jet engine has

the advantage of providing good performarce at high speeds and having
appreciable thrust to assist in take-off.

The performance of the airplane equipped with the rocket engine
varies with altitude and flight speed and is discussed in detail in the
section on the rocket engine. One curve for a flight speed of 3000 miles
per hour is shown in figure D-3 with the points for 100,000 and 50,000
feet indicated. Because of ite lighter welght per unit thrust but
higher specific propellant consumption, the rocket engine provides a
slightly higher disposable load but considerably shorter range than
the ram-jet engine. The rocket engine cannot compete with other englnes
on the basis of long-range aircreft operation, but it does have appli~
cation for short-range operation where its simplicity and lightness of
welght are important caonsideratlons. . T :

In conclusion, 1t is again emphasized that these charts are nct
intended to be applied to the general selectlon of power plants for
specific aircraft dssign problems, but are intended merely to provide
perspective., TFor any specific aircraft design problem, a separate
analysis is required with assumptions and conditioms that accurately
apply. : -

Flight Propulsion Research Laboratory, o
National Advisory Commlttee far Aercnautics,
Cleveland, Ohio, April 21, 1947.
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APPENDIX ~ GENERAL ASSUMPTIONS

In order %o insure a fair compariscn of all the engine types
coneidered, components used by more than one engine were assumed
to have equal efficiencies on each of the engines. For example,
for all the englnes, the inlet diffuser was esmsumed to recover
90 percent of the dynamic pressure in the subscnic speed range;
in the supersonic speed renge, the ratio of the Ltotal pressure at
the diffuser exit to the total free-stream total pressure Pd/PO

was agsumed to vary wilth Mach number My in the followlng menner:
Mg 1.0 1.5 2.0 2.5 3.0 3.5
Pd/PO 0,960 0.957 0,937 0.877 0.802 0,717

The nacelle drag in the subsonic speed range was based on
meximum nacelle cross-sectlonal area and the drag coefficient Cp
varied with Msch number Mp in the following manner:

Mg 0.2 0.4 0.5 0.8 0.7
Cp ©0.0556 0.0556 0.0560 0.0580 0.0655

In the supersonic speed range, the nacelle drag was evaluated
by considering the drag as composed of two components, one due to
skin friction and the second due to wave formation. The skin-
friction drag coefficient was sssumed to have a value of 0.003
baged on wetted area and the wave drag was found es the prcduct of
the incompressible velocity head ¢q, twice the maximum cross-
sectional area minus the nacelle-inlet and the nacelle-exit area,
end the wave-drag coefficient Cp 1, values of which are glven iIn
the following table: S :

My 1.0 1.2 1.5 2.0 2.5 3.0 3.5
Cp.¢ ©O.10 0.129 0,106 0.086 0.074 0.064 0.054
3 . -

For the propeller engines, the propeller efficiency np Wwas

assumed to vary with flight Mach number M, 1in the following
manner : -

Mg 0.2 0,4 0.8 0.7 0.8

Tp 0.85 0.85 0.85 0.82 0.70

The propeller weight was assumed to vary wilith engine shaft
power, fllight veloclty, and altitude, where a sufficiently large
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propeller was provided to attain the propellier efficiencles listed
in the preceding teble, ‘For the high-velocity, low-altitude cases,
these propellers are probably insdeguate.for take-off conditions.
For a shaft output of 2000 horsepcwer, the following propeller
wolghts were used: -

-Flight speed _ ]
(mph) 100{ 200! 300} 400| 500
Altitude > Propaller welght-
(£4) (1v)
0 1090| 820 593 442 300
30,000 _ ----|1810{1315| 970 | 660
50,000 . . . |e=ee]--=-1274012000 |1360

For other shaft powers, the propeller welght W varled as
the 0.8 power of the shaft power

058

W hp
"p,1 _ <___l) (a1)
Wp,z hp2 -

For all turbine-type engines, & compreseor efficlency of 85 per-
cent and a turbine efficiency of 90 percent were used. The effil-
clencies were based on total temperatures and pressures. The steady-
flow combuetion chambers used In turbine-type engines were asgumed
to be 95 percent efficiemnt, snd the tail-pipe burner of the turbo-
ram-Jot engine and the ram Jet cambusticn chamber were sasumed to .
be 90 percent efflcient.

In determining the performancs of aircreft using the various
engines, several assumptions had to be made c¢oncerming the alrcraft
itself. The alrcraft grosse welght was considered to consiat of
engine. welght, fuel welght, structural weight, and pay load. The
engine weight was assumed to lnclude engline accesacdrlss and propel-
ler. In the subsonic case, the structural weight; which insiuded
nacelles and control-equipment welght but—mnot fuel tank welght,
was assumed to be 40 percent of the gross airplane weight. The
tank weight was assumed to be 10 percent of the fuel welght. The
meximum lift-drag ratio of the subsonic alrplans (minue nacelle
drag) wes assumed to be 18. In cases where the wing loading was
limited to 80 pounds per squere foot, the lift-drag ratlo for any
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operating condition was found assuming the profile-drag coefficient
of the aircraft less nscelles to be 0.019, while the maximum 1ift-
drag ratio for the aircraft remained at 18. . This is equivalent to
the assumption of an effective sapect ratio of 7.84. TFor these
assumptions, the lift-drag retio can be maintalned at 18 for flight
conditions with a value of ¢q less than 117.0 pounds per square
foot with the wing loading below 80 pounds per square foot, For
higher values of g, the wing loading was held constent at

80 pounds per square foot and the lift-drag ratio was red.uced
below 18 in accordance with the following egquatlon:.-

3.248 :
= 0.0002375 A2
—7— e+ =7 (A2)

With these assumptions as to the aircraft characteristics and
with a knowledge of englne performance, asircraft load-range
characteristics may be found. The disposable load per unilt nacelle
frontal ares is ‘

Wd_ WE - We - WB O.GWg - We

N A = A (43)
vhere
A nacelle frontal area, sq ft
Wy ‘totel disposable load, Ib
Wg gross welght of airplan@, 1b
We power-plant weight (inalu.ding propeller), 1b
Wg structural weight of a.iz'plane, 0.4 WS’ 1b
The eilrcraft gross load.‘.per unit nacelle frontal area is
W, (F - D) L/D
s, T (a4)

A
where

F net thrust of engine, 1b

D,  nacelle drag, 1b h

1L/D 1lift-drag ratio of eirplaene without nacelles
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From equations (43) and (A4), the ratio of disposable to gross
load is
W We/F '
& . 0.6 - ° (A5)

w; (1 - %11)@/]3)

which determines the ordinate of the subsonic load-range curve.

The abscissa 1s found as follows:

t
W. W
£ £
KT A (46)
where
we' initial fuel rate, lb/mile.

wp fuel flow, 1lb/hr

v

o Tlight speed, mph

From equations (A4) and (AG), the abecissa of the load-range
curve 1is

Wp ! wr/F

VQ )(L/D)

When all of the disposable load is considered as fuel and tank load,
the range is & maximum and this indicated maximum range is determined
as the retio of the ordinate to.the abscissa on the load-range curve,
with a factor of 1,1 included to account for tank weight. The range
factor KR is obtalned from equations (AS) and (A7) as

Wa/Wig

e [y 1.1

(A7)

KR = miles (A8)

An exact evaluation of K, which is the ratio of the average
to initial fuel rate per mile per ton initial gross weight, involves
the complete flight plan as well as the engine and aircraft char-
acteristics. TIf it 1s assumed that the thrust power specific fuel
consumption of the engine end the drag-lift ratio of the alrplane
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vary linearly with the alrplane gross weight, the general valuse
of K in terms of initial and final conditions can be derived:

£ . W
log. O ) log,. .2
l _ Qge fl + 86 wl
K To aw\|. fo a{D/1) Yo af\l. Wo A(D L)
lAfW 1-3F /L Wle 157 /L
o 1 70 0 0
(D/L),
lo
ge §D7L5
+ T . qr y (a9)
syl /Lo arhy.  (D/L)o sy
iD/L}O AiD;L; fo : AED;LS WO .
where

(D/L)g initial drag-lift ratio, 1b/lb
(D/L)y finel drag-lift ratio, 1b/1b

a(d/L) (D/L)g - (D/L)y, 1b/1b o

fo initial thrust power specific fuel consumption,
1b fuel/thrust hp-hr

fl final thrust power specific fuel caonsumption,
1b fuel/thrust hp-hr

AP fg—- f1, 1b fuel/thrust hp-hr

Wo . initilal aircraft gross weight, 1b

Wy final alrcraft gross welght, 1lb

AW fuel burned = Wg — Wy, 1b

If the drag-lift ratio and the thrust power specific fuel
consumption remain constant during the flight equation (A9)
reduces to .

A _
' Wo. ' '
X = 7 ’ (ALO)
_loge \ - é_".{.)

which would also follow from the Breguet range equation.
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If equivalent values used in the analysls sare substituted in
thils equation, the simplified K as used on the load-range curves
" is found.

AW = T3 (All)

where the disposable load is all fuel and tanks

Wo = Vg (A12)
\ or
T.T Wy
K = : : (AL13)
-log, (1 - 1M
® IIw,

It is to be noted that AW 1is not-equal to Wy. This s because
the fuel tank welght was includsd in the disposable load; but inas-
much as the tanks were nob considered expendeble, AW was taken
as equal to the fuel load only \1]1 Wd). The value of K computed

from equation (Al3) is plotted to the left of the ardinate wd/wg
for all subsonic losd-range figures.

For conditions where less than the maximum range is required,
all of the dilsposable load 1s not used for fycl and tanks. In
these cases, the ratio of fuel plus tank weight to inltial gross
welght is equal to K X range +times the ratlo of initial Ffuel
rate per mile to the inltial gross weight,

This value can be obtained graphically on the load-range plot
by drawing & vertical line through the cperating point eand another
straight line Joining the origin to the desired value of K X range.
For this rangs, the vertical distance from the intersection of
these two lines to the abscissa gives the desired value of fuel
(plus tank) weight per unit initial alrplane gross welght. The
K curve previougly described is entered at the ordlnate of this
intersection to determine the corresponding value of K.

In the supersonic case, the structural weight (less tank
welght) was assumed to be 30 percent—of the gross weight—and the
fuel-tank welght to be 10 percent of the fuel weight. The 1ift-
drag ratio of the supersonic wing (L/D) was agsumed to be 7,

and. the fuselage drag was calculated in the same manner as the
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supersonic nacelle drag. The Tuselage slze was determined by
making the fuselage large enough to hold the maximm amount of
fuel thet could be carried at each operating condition, The
fuel was assumed to have & density of 50 pounds per cublc foot
for the turbine engines, 45 pounds per cubic foot for the ram
Jet, and 62.4 pounds per cubic foot for the rocket. The fuse-
lage volume was found by assuming the fuselage to be a cylinder
with conical ends with an included angle of 20°, the over-sll
fuselage fineneass ratio being 12, For control volume in all
gupersonic cases, 2 cubic feet per ton of alrcraft was allowed
in the fuselags.

With these assumptions as to the aircraft characteristics
and with known engine performance, the alrcraft load-range
characteristics can be found, The disposable load of the air-
craft is .

Wg =W

g - We = Vg = 0.7 Wg = W, (A14)

g

The gross welght of the alreraft is

W W
Wg = (L/D), (F - Dy - D) = 52 (a15)

where D, 1s a drag due to the fuselage and is found by the fol-
lowing equation:

Wy W + Wo\B/S
Dp = qy Sf-'. + 50— (0.4528 CD,I + 8.34 YCD,F> - (Als)
where
q, incompressible dynamic pressure (1/2 o Vbz), 1b/sq £+
op fuel density, 1lb/cu ft

CD,I ‘wave-drag coefficient

CD,F skin-friction drag coefficient, 0.003
W, .
The term _E in equation (Al6) is the volume of fuel required
ep - -
Wg + Wg . .
and the term -=s——— is the control volume allowed in each case.

700
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By combining equations (Al5) and (Al16), an egnation involving
only the engine wolght and the dispossble load can be found from
which 1t-is pomgille. to deberuine the disposab le 1oad by trial-and—
error. solution :

W, + W\2/3
(L/D).AF - D_ - - E 1 (0.4528 C + 8.34 Cpy 1)
W n = |%\p 700 : , D.I % Up p

de - (a17)

L

With disposable load known, the gross weight can be calculated and
the fuel rate per ton-mils then determined as in the subsonic case,.
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